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Preface

Magnetic reconnection is an important fundamental process at work in laboratory,
space, and astrophysical plasmas, in which magnetic field lines change their topology
and convert magnetic energy into plasma particles by acceleration and heating. Mag-
netic reconnection occurs explosively in solar flares, coronal mass ejection (CME),
in the interaction of solar winds with the earth’s magnetosphere, and during the self-
organization process of current-carrying fusion plasmas. An explosive CME with an
ejected energy of 5 x 1030 erg, which is equivalent to 100 million “H-bombs” (each
equivalent to 1 million tons of TNT explosive), is caused by magnetic reconnection
and strongly affects our satellite communications and the welfare of space astronauts. A
sudden disruption of plasma current in tokamak reactors is caused by magnetic recon-
nection, and control of this phenomenon is key to the successful realization of a toka-
mak fusion reactor. At the Princeton Plasma Physics Laboratory, Princeton University,
I have been working for three decades with my team to understand the mechanisms of
magnetic reconnection using dedicated laboratory facilities.

The topic of magnetic reconnection physics, which has remained a fascinating and
important fundamental area of scientific investigation for many years, encompasses
significant seminal contributions, as well as active ongoing research in laboratory and
natural space and astrophysical plasma environments. In this monograph, I will present
the fundamental physics of magnetic reconnection in laboratory and space plasmas,
starting from the basic concept, theory, and observations from space satellites. After a
brief review of the well-known early work on its concept, important recent experimental
and theoretical works will be compared to validate modern significant findings. In the
area of local reconnection physics, many important findings and discoveries have been
made in the last two decades based on two-fluid physics, which describes the dynamics
of electrons and ions separately. Profiles of the reconnection layer, Hall currents, and
the effects of a guide field, collisions, and microturbulence will be discussed to under-
stand the fundamental processes in the reconnection layers in both space and laboratory
plasmas. The essential feature of reconnection is that it energizes plasma particles by
accelerating and heating them, thus converting the magnetic energy to particle energy.
Despite the long history of reconnection research (more than a half century), how this
energy conversion occurs has been a major unresolved problem in plasma physics. In
this monograph we will address the energy flow processes extensively and discuss the
physics of energy conversion and partitioning in the reconnection layer. Collaborative
research accomplishments between laboratory experiments and space observations will
be extensively discussed.
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Recently, several good books have been published on magnetic reconnection. While
some of them are excellent collections of multiple contributions from experts who
attended specific conferences, they often lack a coherent view on the physics of mag-
netic reconnection. This book is aimed at senior graduate students, post docs, and gen-
eral researchers who would like to learn the present status of this field and the essence
of magnetic reconnection physics, as well as recent advancements. Magnetic recon-
nection is a very popular subject in plasma physics, with hundreds of papers being
published every year. While I have tried to cover most of the key processes of magnetic
reconnection, I have made no attempt to comprehensively review the entire field. The
work presented in this monograph centers on work familiar to me and is thus limited
due to the space allowed for the book and to my knowledge.

This monograph is made primarily of two parts. The first six chapters are devoted
to the historical development of concepts of magnetic reconnection, theory, numerical
simulations, and major laboratory experiments. With a brief review of well-known work
on its concept together with the most recent results, typical reconnection phenomena
observed in space and laboratory plasmas are presented in chapter 2 and important
theoretical progress based on magnetohydrodynamics (MHD) is described in chapter
3. A one-dimensional Harris sheet equilibrium with kinetic physics is studied in chapter
4, referring to both early theoretical and early experimental results. Chapter S describes
the evolution of two-fluid physics and formulation. In chapter 6, the primary laboratory
experiments of past and present times are described.

The remaining nine chapters describe the most recent advancements of research
on magnetic reconnection, which have benefited from collaboration between labora-
tory experiments, space observations, and numerical simulations. Chapters 7 and 8 are
devoted to observations of magnetic reconnection in astrophysical plasmas, in particu-
lar reconnection in solar flares, CME, reconnection in the Crab Nebula or supernova,
and the dynamics of the magnetic reconnection layer in the magnetosphere. Chapter 9
is devoted to magnetic self-organization in laboratory plasmas or global reconnection
phenomena. In chapter 10 we address extensively the energy flow processes and present
the mechanisms of energy conversion and partitioning that have been discovered in the
recent few years. Chapter 11 covers the most recent studies of the energy inventory in
the reconnection layer, including the author’s analytical model of energy conversion
from magnetic field to plasma particles. In chapter 12 we directly compare the dynam-
ics and energetics of the asymmetric reconnection layer observed both in the laboratory
plasma of the Magnetic Reconnection Experiment (MRX) and in the magnetopause by
the Magnetospheric Multiscale Satellite (MMS). In chapter 13, after a brief introduc-
tion to MHD dynamo theory, we consider how magnetic field originates in the universe
and how magnetic reconnection plays a role in the dynamo, putting a special focus on
two-fluid physics dynamo mechanisms. In chapter 14 we consider magnetic reconnec-
tion in large systems. In astrophysical plasmas, the ratio of global to kinetic scales is
large and the ratio of mean free path to plasma scales is small, thus MHD models are
considered to be practical to treat space astrophysical phenomena. The appearance of
multiple layers would become dominant particularly in large three-dimensional plasma
systems. A short summary of the book is presented in chapter 15.
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Chapter One

Introduction

This monograph describes how our understanding of magnetic reconnection, a funda-
mental process in the universe, has developed from a classical concept based on magne-
tohydrodynamics (MHD) to a modern concept based on kinetic and two-fluid physics
theory, by which many phenomena observed in laboratory and space plasmas are now
explained.

1.1 CONCEPT OF MAGNETIC RECONNECTION
AND ITS DEVELOPMENT

Magnetic reconnection is a fundamental physical process in which magnetic-field-line
configuration changes its topology, leading to a new equilibrium state of lower mag-
netic energy. During this process, part of the magnetic energy is converted into the
kinetic energy of plasma through acceleration or heating of charged particles, which
is the most important aspect of magnetic reconnection. In astrophysical and laboratory
plasmas, magnetic reconnection occurs ubiquitously, rearranging the configuration of
magnetic field lines and simultaneously changing macroscopic quantities of plasmas
such as flow and temperature. Magnetic reconnection is seen in the evolution of solar
flares, coronal mass ejection, and in the interaction of solar winds with the earth’s mag-
netosphere. It is considered to occur in the formation of stars. It also occurs during the
self-organization process of current-carrying fusion plasmas.

In magnetic fusion devices, plasma is confined by the combined forces of internal
and external magnetic fields. Thus, the interaction of magnetic field lines with plasma
determines the confinement features of hot plasmas. In toroidal fusion devices, toroidal
currents are usually induced to heat the plasma and generate magnetic field config-
urations that effectively confine the hot fusion plasma by compressing pinch forces.
There is a remarkable feature common to these configurations: the plasmas constantly
tend to relax to a quiescent state through global magnetic self-organization processes in
which magnetic reconnection plays a key role. Understanding and controlling magnetic
reconnection in fusion devices is essential to creating a reliable fusion reactor core.

Magnetic fields can be found everywhere in the universe at all scales: in the earth’s
magnetosphere, in the solar corona, and on larger scales from the interstellar medium
to galaxy clusters. How are magnetic fields generated in the universe? How do they
determine the properties of plasmas? Understanding magnetic reconnection provides
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Figure 1.1. See Color Plate 1. Soft-X-ray picture from the TRACE satellite. [https:
/Iwww.solar-facts-and-advice.com/solar-flares.html]

a key to these fundamental questions about the universe. When magnetic energy sig-
nificantly exceeds the plasma’s kinetic or thermal energy, the magnetic energy tends
to be converted to kinetic energy through magnetic reconnection. When there is abun-
dant kinetic energy in a plasma with respect to magnetic energy, just like in the early
universe (W), > Wp), magnetic fields are considered to be generated through a con-
verse process, a dynamo mechanism in plasma. Even in this dynamo process, magnetic
reconnection often plays an important role.

Solar flares exhibit perhaps the clearest visual examples of magnetic reconnection
and have been investigated for many decades. Through soft-X-ray pictures, which are
considered to represent magnetic-field-line configurations of the solar atmosphere, we
can visualize illuminating examples of the global topology change of plasma configu-
rations (Tsuneta, 1996; Masuda et al., 1994; Gabriel et al., 1997; Golub et al., 1999;
Lin et al., 2003). As shown in TRACE satellite data (Golub et al., 1999; figure 1.1),
the topologies of soft-X-ray images are seen to change within a timescale of minutes
or hours in the solar atmosphere, in which the magnetic diffusion time for a typical
flare, based on the classical calculation for collisional diffusion, is estimated to be as
long as 1 million years. These observations suggest the presence of fast changes of
the global field-line topology, implying the existence of an anomalously fast magnetic
reconnection process. Giovanelli (1946) noted that the abundant magnetic field energy
in the chromosphere could be converted to electron kinetic energy during this process.
Although the theory of MHD was not used in his calculation and the evolution of the
sunspot field was treated as though it was a low-frequency wave, satellite measure-
ments later showed that his concept is indeed valid and can be applied to solar corona
reconnection.

In the early days of plasma research, a powerful way of describing the plasma
dynamics was developed based on MHD, which treat plasma as a one-fluid element.
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MHD theory was built upon the foundation of hydrodynamics by implementing the
theory of electromagnetism. This MHD was found to be very effective, particularly
when the Lundquist number (which is defined as the ratio of the magnetic diffusion
time (= [,L()Lz V4/n) to the crossing time of the Alfvén waves (=L/V4) in the region) is
high (S > 1): S~ 10'? for a solar flare plasma of 10,000 km and S > 10° for tokamak
plasmas. In this situation, plasma dynamics can be formulated based on the principle
of flux freezing, namely that plasma always moves with magnetic field lines (as if it
is frozen to them) with no dissipation. We call this principle “ideal MHD” dynamics.
In ideal MHD, the plasma resistivity caused by collisions between electrons and ions
and the viscosity caused by like-particle collisions are neglected in most cases. On the
other hand, it was also realized that ideal MHD breaks down in a region of magnetic
reconnection because the flux freezing principle does not hold in reconnecting plas-
mas. In other words, magnetic reconnection, in which field lines change their topology
inducing magnetic energy dissipation at the reconnection layer, cannot be described by
ideal MHD.

How do magnetic field lines move around in plasmas and how do they reorganize?
Ideal MHD, developed in the early 1950s, describes the dynamics of highly conduc-
tive plasmas, where the electric field parallel to the magnetic field line, E, vanishes
(Sweet, 1958; Parker, 1957; Vasyliunas, 1975; Dungey, 1995). In this idealized model,
magnetic field lines always move with the plasma and remain intact and never break or
tear apart, as we will see in chapter 3 in detail. To consider the physical picture of this
situation more precisely, we can represent any magnetic field by a set of lines that fills
the system. The lines are tangent to the magnetic field and their density equals the field
strength. If the system is time dependent, the features of the lines are different at every
instant. If the plasma moving with the field lines is infinitely conducting, a physical
identity can be assigned to the lines. If the magnetic field lines move with the plasma,
they will continue to represent the magnetic field at any later time. This allows us to
picture the magnetic field clearly. The field thus consists of strings embedded in the
plasma which are neither created or destroyed. The magnetic force is represented by
imagining the strings to have longitudinal tension and transverse pressure. If the strings
are sharply bent, the curvature force replicates the magnetic tension force. If the lines
are put closer together and bunched in a region, there is a transverse force due to the
magnetic pressure force. Any plasma on a given line stays on that line as it moves, and
cannot move to another line. This is basically the flux freezing feature associated with
ideal MHD. We will revisit this concept later in detail in chapter 3.

Let’s consider two magnetic field lines that are approaching each other in a small
region of plasma. Outside this region, plasma fluid is frozen to field lines as described
by ideal MHD. When the two field lines approach very close at an angle in a nar-
row region (figure 1.2), the magnetic field gradient becomes large. This interaction of
magnetic field lines generates a current sheet due to Ampere’s law V x B = ugj. We
note that since the presence of a current sheet requires different motions of electrons
and ions, strictly speaking this phenomenon cannot be described by single-fluid ideal
MHD theory. The exact treatment of this region requires two-fluid physics as described
in chapters 4 and 5. In MHD theory, we called this a diffusion region. In this area, the
field lines are not frozen to the plasma, and they lose their identity, break, and reconnect.
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Magnetic reconnection
(a)

/XX

Before reconnection After reconnection Plasma acceleration
and heating

Figure 1.2. Schematic view of magnetic reconnection. After reconnection, plasma heat-
ing and acceleration follow.

\ Externally driven flow /ﬁ

Figure 1.3. Formation of current sheet by externally driven flow. [From Biskamp
(2000).]

After reconnection occurs, the two newly connected field lines accelerate plasma fluid
due to a tension force generated by the reconnection. This interaction of field lines leads
in most cases to a singular sheet of high current density in plasma where E| becomes
sufficiently large (E = E - B/B #0) to induce nonideal-MHD plasma behavior and to
cause the magnetic field lines to lose their connectivity and identity. This is why we
call it a diffusion region.

As shown in two-dimensional geometry by figure 1.3, Dungey (1953) showed that
such a current sheet can indeed be formed in a plasma by the collapse of the magnetic
field near an X-type neutral point, and suggested that “lines of force can be broken
and rejoined in the current sheet.”” We note that if it were not for a plasma, this would
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Magnetopause Magnetosheath
IMF Magnetotail
solar Plasmasheet

wind

> ‘\ (e ———F—

/ \
Bow \ \
shock

Figure 1.4. Cross-section of the simplest model of the magnetosphere in the day and
night meridian. [From https://mms.gsfc.nasa.gov/science.html.]

not happen. Instead, the two opposing field lines would meet with an X-type cross-
ing of angle 90 degrees, satisfying the Maxwell equations in a vacuum, V x B =0
(because there is no current sheet) and V - B =0. This sheet in a plasma is called a
neutral sheet or a current sheet. As previously mentioned, it is often called a diffusion
region since magnetic field lines lose their connectivity, diffuse, and reconnect in the
sheet. When the field lines are reconnected, the topology of magnetic configuration
changes and j x B forces expel the plasma from the diffusion region and result in the
conversion of magnetic energy into kinetic energy. Thus, it is important to note that
while the topology of magnetic configurations changes by magnetic reconnection, the
conversion of magnetic energy to kinetic energy occurs at the same time and the plasma
gains energy. This is a very important aspect of magnetic reconnection, as mentioned
before.

An important example of flux freezing and magnetic reconnection in a space plasma
is shown in figure 1.4, illustrating a simplified two-dimensional schematic picture of
the solar-wind interaction with the earth’s magnetosphere. The plasma on the incoming
solar wind is embedded on solar-wind magnetic field lines that are separated from the
magnetospheric lines. In the ideal MHD picture, there is no way for the solar-wind
plasma and energetic particles to penetrate into the earth’s magnetosphere, owing to
the flux freezing principle. The solar wind is accordingly forced to move around the
magnetosphere and is blown downstream.

At the magnetopause, where the solar wind presses against the magnetic pressure
of the earth’s dipole field, the interacting region becomes very thin, and the motions of
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plasma particles, ions, and electrons are quite different with respect to the magnetic
fields of both sides and in the thin magnetic reconnection region. To describe this
type of reconnection layer, a more general theory than MHD is necessary for a proper
treatment of the neutral layer, that takes into account the different behaviors of electrons
and ions. Reconnection layers, such as those created in the magnetopause (Vasyliunas,
1975; Dungey, 1995; Kivelson and Russell, 1995), have thicknesses that are compa-
rable to the ion skin depth ¢/wp; (~50km). This situation leads to strong two-fluid
effects, especially the Hall effect, in which magnetized electrons flow perpendicular to
the magnetic fields in the neutral sheet. This effect induces a large reconnection electric
field at the reconnection region and is thus considered to be responsible for speeding up
the rate of reconnection, which is larger than the classical MHD rate (to be described
in chapter 5).

In such a situation, magnetic reconnection takes place at the front and the tail parts
of the magnetosphere, even if the plasma is truly infinitely conducting. Because of mag-
netic reconnection, some of the solar-wind lines break near the surface separating them
and they reconnect to lines in the magnetosphere, which also break. As a result, some
of the solar-wind lines end up attached to the magnetosphere, allowing the solar-wind
plasma to penetrate the magnetosphere. This process can be regarded as the converse
of flux freezing because of flux dissipation. Solar cosmic rays can also get into the
magnetosphere because of magnetic topology changes and are often measured.

How such physical processes occur and how fast line breaking takes place have
been the subjects of research for more than a half century. Thanks to recent collabora-
tive research using observations, experiments, and numerical and theoretical works, sig-
nificant progress has been made in understanding magnetic reconnection. Early work
based on elementary MHD physics demonstrated the possibility of reconnection, but
predicted reconnection rates that are too slow to explain the observations. As a result
of the application of more advanced physics that take into account two-fluid physics
and the kinetic effects of plasma particles, much insight has been obtained, and the
reasons why reconnection is so much faster than first theorized have become clearer. It
is essentially a partial breakdown of the remarkable property of flux freezing described
by ideal MHD.

Thus, magnetic reconnection in the magnetosphere is treated using the two-fluid
theory. It should be noted, however, that the flux freezing concept can still be applied in
a modified form to the two-fluid regime in which electrons are still magnetized but ions
are not. In this regime, magnetized electrons move with field lines for the most part, as
if the flux freezing principle works only for electron fluid. On the other hand, ions are
generally not magnetized and the different motions of electrons and ions can generate
electric field in the reconnection plane. They also induce a large Hall electric field in
the out-of-reconnection plane and as a result cause a fast reconnection as described in
chapter 5. The induced electric fields introduce a new strong mechanism of particle
acceleration and heating. This regime is sometimes called the electron-MHD regime.
The region in the center of the reconnection layer, where even electrons do not move
with field lines anymore and diffuse, is called the electron diffusion region. A good
part of this monograph is devoted to a description of the key dynamics of this unique
reconnection region.
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Figure 1.5. See Color Plate 1. Picture (time integrated) of controlled driven reconnec-
tion discharges in MRX and a flux plot from magnetic probes from an MRX movie.
The flux contours deduced by assuming toroidal symmetry are considered to represent
magnetic field lines without guide field. [https://mrx.pppl.gov/mrxmovies/Collisio
nal.mov]

1.2 RECENT DEVELOPMENT AND PROGRESS OF UNDERSTANDING
MAGNETIC RECONNECTION

Progress in understanding the physics of magnetic reconnection has been made in three
research fields of the discipline in the past several decades: space and astrophysical
observations, theory and numerical simulations, and laboratory plasma experiments.
Space and astrophysical observations have provided much key suggestive evidence that
magnetic reconnection plays an important role in natural plasmas and have generated
strong motivation for fundamental research. Theory and numerical simulations provide
important analysis and insights to help break down the complex reconnection phenomena
into a set of fundamental key processes and to gain understanding of each process. Mag-
netic fusion plasma experiments provide examples of magnetic reconnection through
self-organization of the plasma configurations. Laboratory experiments dedicated to the
study of the fundamental reconnection physics can measure quantitatively the character-
istics of reconnection dynamics by monitoring the essential plasma parameters simul-
taneously at a large number of points in the reconnection region (Yamada et al., 2010).
Figure 1.5 presents an example of contours of magnetic flux which were deduced
from experimentally measured data using internal magnetic probes located at multiple
locations in the reconnection region of the Magnetic Reconnection Experiment (MRX;
Yamada et al., 1997a; Yamada, 1999). Dedicated laboratory experiments quantitatively
cross-check theoretically proposed physics mechanisms and models, and provide a
bridge between space observations and theoretical ideas, such as two-dimensional two-
fluid reconnection models, by generating a typical reconnection layer. On the other
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Figure 1.6. MMS satellite mission. Four satellites measure key components of local
plasma parameters to document the electron and ion dynamics. [From https://en.wiki
pedia.org/wiki/Magnetospheric_Multiscale_Mission.]

hand, space satellites can provide detailed data at selected points with simultaneous
multiple sophisticated diagnostics. Recent significant progress in data acquisition tech-
nologies has allowed us to directly compare the observed data from satellites and labo-
ratory experiments recently published (Yamada et al., 2018). In laboratory experiments,
even an evolution of magnetic field lines was able to be monitored with respect to time.
Remarkably, through this cross-cutting research, a new common picture of the two-
fluid magnetic reconnection layer has emerged, aided by numerical simulations mostly
performed in two-dimensional geometry. We use a significant part of this monograph
to describe the two-fluid physics mechanisms that have become clearer through our
cross-discipline studies.

In particular, a new cluster satellite system, called the Magnetospheric Multiscale
Satellite (MMS) was launched in March 2015. Their mission goal was to explore the
physics of magnetic reconnection in spatial scales extending down to the thin electron
skin depth. Figure 1.6 shows a graphic picture of four satellites that measure key com-
ponents of local plasma parameters to document the electron and ion dynamics. The
four spacecraft are placed at times in a tetrahedral configuration with a separation of
about 7-10km, or ~ 3-5 times the expected value of the electron skin depth at the mag-
netopause. Since the current sheet moves past the spacecraft at speeds of over 100 km/s,
resolving these fine-scale structures requires field measurements at a 1 ms cadence and
particle distribution function measurements at a 20 ms cadence, which is challenging
for a spacecraft mission.

To date, the MMS mission has made many significant findings, identifying the
structure and the dynamics of the electron diffusion region both in the magnetopause
and the magnetotail reconnection layer. In the first phase of the MMS mission, the
dayside magnetosphere reconnection region was investigated. At the subsolar magne-
topause, where the solar-wind plasma meets the magnetospheric plasma, reconnection
is very asymmetric with an upstream plasma density larger than that of the magneto-
sphere by a factor of 10-20. Subsequently, the magnetic field strength is smaller by a
factor of 2 to 3. This asymmetric reconnection is of much interest and is often very
important for real physical situations in both space and astrophysical plasmas (Mozer
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Electron flows in MRX Evolution of measured quantities by MMS
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Figure 1.7. See Color Plate 1. Comparison of MRX and MMS data. Left: Measured
electron flow vectors in MRX (red arrows). Measured magnetic flux contours are shown
by blue lines. Right: (a) Approximate MMS trajectory through the electron diffusion
region of the magnetosphere. The trajectory is determined based on a comparative study
of MMS data and 2D numerical studies. (b)—(f) Time evolution of key components of
local plasma parameters showing that J | - E | becomes maximum at the electron diffu-
sion region (d). The electron velocity distributions in (f) show that they predominantly
flow in the Y-direction as shown in the MRX data. The documented MMS data are
remarkably consistent with the electron dynamics measured by MRX. [From Yamada
et al. (2018).]

and Pritchett, 2011). Recently, through a collaboration between MMS research and
MRX, the key physics of asymmetric reconnection have been intensively investigated
and illuminated (Yoo et al., 2017; Yamada et al., 2018).

Both in MRX and in the magnetopause plasmas, the length of the reconnection
layer was measured to be very similar, about 3 times the ion skin depth, indicating the
same physics mechanisms are at play. Taking advantage of this situation, the dynamics
and energetics of the magnetic reconnection layer were comparatively studied in the
context of two-fluid physics. Despite huge differences between the length scales of
the reconnection layers (2L ~30cm in MRX versus ~ 250 km in the magnetopause)
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and the ion skin depths (d; ~5-6 cm in MRX versus ~ 50 km in the magnetopause),
remarkably similar characteristics are observed regarding the dynamics of electrons
and ions, as well as energy deposition profiles and energy partitioning. Let us look into
common characteristics observed in MRX and MMS.

Figure 1.7 shows a comparison of MRX and MMS data sets in different formats.
Electron flow vectors (red arrows) measured in MRX show strong out-of-reconnection-
plane electron flows. Also, a strong energy deposition to electrons is measured to occur
through a large value of the j, - E quantity (Yamada et al., 2014) in MRX. Here it
should be noted that the uppercase letter J was used for electron current density in
the MMS data set, while lowercase j was used in the MRX data as well as in most
of this book. On the right, panels (a)—(f) show the time evolution of key components
of local plasma parameters, documenting the electron dynamics in the magnetopause.
These MMS data show a strong spike in the quantity j, - E when the satellite system
flies through the region just south of the X-point where reconnecting field lines meet
and reconnect. This observation is in remarkable agreement with the profile of electron
flow vectors measured on MRX as seen in the left-hand panel of figure 1.7. When the
energy deposition rate to electrons, j, - E, is decomposed into j,, - E1 + jo| E|, i.e.,
separating the inner product into perpendicular and parallel components with respect
to the local magnetic field lines, j,| - E| is measured to be significantly larger than
Je| E) as shown in panel (d) of figure 1.7. In addition, the measured electron velocity
distributions in the three directions are consistent with the MRX data of electron flow
vectors shown on the left.

Further observational verifications of electrons’ motion frozen to field lines out-
side the electron diffusion region were made both in MRX (Yoo et al., 2013) and
MMS (Burch et al., 2016b), and excellent agreement was found between the dyna-
mics and energetics of electrons. This agreement demonstrates that the same two-
fluid mechanisms in two-dimensional analysis operate well in both systems, despite
vastly different scales (~ 10°), while various three-dimensional phenomena including
micro-fluctuations are expected to be involved. This will be discussed in more detail in
chapter 12.

1.3 MAJOR QUESTIONS

We address the following major questions, which have been studied intensively for the
past 30 years:

(1) Why is the reconnection rate so fast in collisionless conductive plasmas? What is a
scaling for the reconnection rate on collisionality?

(2) What are the mechanisms of magnetic reconnection in collisionless plasma? How
does two-fluid physics influence the dynamics and speed of local reconnection?
What determines the structure of the reconnection layer?

(3) How is magnetic energy converted to the kinetic energy of electrons and ion? In
what channel does the energy flow take place?
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(4) How do fluctuations and turbulence affect the reconnection dynamics or vice versa?
Which fluctuations are most relevant, how are they excited, and how do they deter-
mine the reconnection rate and influence the conversion of magnetic energy?

(5) How do reconnection features change as the size of the plasma system increases?
How are plasmoid structures formed and how do they influence the reconnection
rate?

(6) How is the local physics, which has been studied in great detail, connected to the
large global environment around the reconnection layer? How is the reconnection
layer generated in a global boundary of different sizes?

(7) Why does reconnection occur impulsively in most cases?

Keeping these questions in mind, we will study most of the significant modern exper-
imental findings and discoveries in magnetic reconnection research and discuss many
of the theoretical understandings to which they have led.

To begin, we review magnetic reconnection research and significant studies that
have continued up to the present time, beginning with the well-known seminal ideas of
Dungey, Sweet and Parker, and Petschek, based on MHD. While theory led the early
research progress in this area, more recent research has been dominated by experiments
and numerical simulations. Since the early work is fairly well known and presented in
textbooks, we focus on recent findings and developments of most significance. There
are a number of different views as to which physical processes are most important for
reconnection. While the relative importance of two-fluid processes of a laminar cur-
rent sheet versus three-dimensional fluctuation-induced effects of multiple reconnec-
tion sites or plasmoids are still debated, our goal is to provide a broad understanding of
different theories and observations.

One of the most important questions has been why reconnection occurs much faster
than predicted by classical MHD theory. During the past two dozen years, notable
progress in understanding the physics of this fast reconnection has been made. Exten-
sive theoretical and experimental work has established that two-fluid effects, resulting
from the fundamentally different behavior of ions and electrons, are important within
the critical layer where reconnection takes place. Two-fluid effects are considered to
facilitate the fast rate at which reconnection occurs in the magnetosphere, stellar flares,
and laboratory plasmas. Dedicated laboratory experiments and magnetospheric satellite
measurements show strikingly similar data in the profiles of magnetic fields and elec-
trostatic and magnetic fluctuations. Recent improvements in the understanding of the
role of reconnection in magnetic self-organization processes in laboratory and space—
terrestrial plasmas will also be covered in this monograph.

Despite the long history of reconnection research, how the conversion of magnetic
energy occurs remains a major unresolved problem in plasma physics. A good amount
of the recent studies on energy conversion are presented in the present monograph.
In the past several years, it has been realized that energy conversion in a laboratory
reconnection layer occurs in a much wider region than previously considered. The
mechanisms for energizing plasma particles in the reconnection layer are identified,
and a quantitative inventory of the converted energy is presented for the first time in
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a well-defined reconnection layer in a laboratory plasma study (Yamada et al., 2014,
2018). In this monograph, a new analytical study is considered for a key step toward
resolving one of the most important problems in reconnection physics.

A special effort is made to cover both the major experimental results and recent
space observations that have provided useful information on the physics of magnetic
reconnection over the past few decades. This book is quite different in emphasis from
recent review papers and books, which have emphasized theoretical aspects or results
from numerical simulations. Since the main objective of this book is not a review, many
fine works in this field are not covered because of space limitations, because of our
primary focus on recent experimental findings, and because of our intention to convey
my views to the readers.

Magnetic reconnection is a very popular subject in plasma physics. For some years,
the numbers of papers submitted to annual meetings of the Division of Plasma Physics
of the American Physical Society (APS) have exceeded 100 (out of 1,500-1,800 total
papers). To cover wider aspects of the physics of magnetic reconnection, I would like to
refer to the books by Priest and Forbes (2000), Biskamp (2000), Birn and Priest (2007),
thereviews Zweibel and Yamada (2009), Yamadaet al. (2010), and the collection of edited
reviews in Gonzalez and Parker (2016). Magnetic reconnection research covers plasmas
of many types, including weakly ionized, electron—positron pairs, and relativistic plas-
mas. The reader seeking special material should consult additional references including
Uzdensky (2011) for reconnection in relativistic or astrophysical environments and
Ji et al. (2022) for recent development of reconnection research in large systems.

An important perspective is that magnetic reconnection is influenced and deter-
mined both by local plasma dynamics in the reconnection region and global boundary
conditions. One major question is how large-scale systems generate local reconnection
structures through formation of current sheets—either spontaneously or via imposed
boundary conditions. In this regard, we will look into the question of how multiple
reconnection layers are formed in a large plasma system. When we consider a large
system in which reconnection takes place, we think all classical models do not sim-
ply apply, particularly when long global lengths are assumed for the current layers.
Recently, more research has been carried out on the formation process of current layers
in a larger system and has found that a current sheet often breaks up to form multi-
ple reconnection layers. It would be of great importance to develop and elucidate a
general theory of current layer formation in a highly nonsymmetric magnetic equilib-
rium such as is observed in the magnetopause or the sun. We will address magnetic
reconnection in the magnetopause where strong density asymmetry exists across the
reconnection layer. There may be mechanisms to generate multiple small-scale cur-
rent sheets in which field-line reconnection takes place with multiple X-lines. These
structures can often be small enough to decouple the motion of electrons from that of
ions in collisionless plasmas. These smaller-scale sheets can fluctuate, leading to faster
reconnection, and a large number of these layers should lead to a large energy release
as seen, for example, in the magnetosphere and the reversed field pinch (RFP) plasmas
for fusion research. In RFP plasmas, reconnection in multiple layers of flux surfaces
is observed to generate a significant magnetic self-organization of the global plasma,
invoking strong ion heating. While we expect that a theory from a first principle can
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lead us to a breakthrough for solving this problem, we have recently initiated a new
experimental effort to address this important issue (see chapter 14).

In this monograph, we describe the fundamental physics of magnetic reconnection
at work in laboratory and space plasmas, starting from concept, theory, and observa-
tions from space satellites, and also the most important progress in the research fronts.
With a brief review of the well-known work on its concept, together with the most
recent results in chapter 1, typical reconnection phenomena observed in space and lab-
oratory plasmas are presented in chapter 2, and important theoretical progress based
on MHD is described in chapter 3. A one-dimensional Harris sheet equilibrium with
kinetic physics is studied in chapter 4, referring to both early theoretical and exper-
imental results. In the area of local reconnection physics, many findings have been
made regarding two-fluid physics analysis and are related to the cause of fast reconnec-
tion. Chapter 5 describes the evolution of two-fluid physics and formulation. Profiles
of the reconnection layer, Hall currents, and the effects of a guide field, collisions, and
microturbulence are discussed in chapter 5 to understand the fundamental processes
in reconnection layers in both space and laboratory plasmas. In chapter 6, the primary
laboratory experiments of past and present times are described.

Chapters 7 and 8 are devoted to observation of magnetic reconnection in astrophys-
ical plasmas, in particular reconnection in solar flares, coronal mass ejection, reconnec-
tion in the Crab Nebula or supernova, and the dynamics of the magnetic reconnection
layer in the magnetosphere. Some readers may find chapter 8 to be too detailed and
hard to follow since I use specific wording and descriptions used in the space physics
community. Chapter 9 is devoted to magnetic self-organization in laboratory plasmas or
global reconnection phenomena. In chapter 10, we address extensively the energy flow
processes and present the mechanisms of energy conversion and partitioning, which
have been discovered in the recent few years. Furthermore, more accurate recent satel-
lite observations will be presented regarding magnetic reconnection and its energetics
in space astrophysical plasmas and those will also be covered in this book. Chapter
11 covers the most recent studies of the energy inventory in the reconnection layer.
In chapter 12, let us directly compare the dynamics and energetics of the asymmetric
reconnection layer observed both in the laboratory plasma of MRX and in the mag-
netopause by MMS and discuss our results in the context of two-fluid physics, aided
by simulations. In chapter 13 we consider how magnetic field is generated in the uni-
verse and how magnetic reconnection plays a role in the dynamo. Since the focus of
this monograph is two-fluid physics mechanisms, we mainly consider here the two-
fluid effects of dynamo action in fusion laboratory plasmas, after a brief introduction
to MHD dynamo theory. In chapter 14 we consider magnetic reconnection in large sys-
tems. In astrophysical plasmas, the ratio of global to kinetic scales is large and the ratio
of mean free path to plasma scales is small, thus MHD models are often considered to
be practical to treat space astrophysical phenomena. The appearance of multiple lay-
ers would become dominant, particularly in large three-dimensional plasma systems.
Readers who might find it difficult to follow the detailed technical description of results
in some chapters, such as 8 and 9, might be recommended to skip them and move on in
order to grasp the whole picture of magnetic reconnection.



Chapter Two

Magnetic reconnection observed in space and

laboratory plasmas

2.1 MAGNETIC RECONNECTION IN SOLAR FLARES

Solar flares have been central objects for studying the physical mechanisms of mag-
netic reconnection. Since the inception of the concept, magnetic reconnection has been
thought to play a major role in the evolution of solar coronae as well as in CMEs
(coronal mass ejection (Parker, 1979; Priest and Forbes, 2000). The topologies of soft-
X-ray pictures of coronae are seen to change within a timescale of minutes or hours,
much shorter than magnetic diffusion time and even than classical Sweet—Parker time
(Parker, 1957). The study of the dynamics of solar flares has been intensified through
detailed pictures of solar coronal activities photographed by Skylab satellites in the
1970s, through more modern satellites such as Yohkoh, SOHO, TRACE, RHESSI,
SDO, and more recently Hinode, IRIS, and Parker. Recent satellites have revealed the
solar atmosphere with unprecedented spatial and temporal resolution, covering spectral
wavelengths from ultraviolet through soft- and hard-X-rays to gamma rays. With many
large coronal loops seen actively interacting with themselves, as shown in figure 1.1,
their topology is observed to change rapidly on a very short timescale of a few minutes
during an eruptive phase.

It was conjectured that conversion of magnetic energy to plasma particles should
occur during reconnection in the solar corona, where a much higher plasma temperature
than that of the photosphere (~ 0.5 eV) is always observed. Finding the true cause of the
heating of the corona to more than 10° degrees (100 eV) has been a major objective of
solar plasma research (Birn and Priest, 2007). While there are other possibilities, such
as wave heating, reconnection is a strong candidate for the coronal heating mechanism
since the magnetic field represents the dominant energy source in the corona, exceeding
the plasma’s thermal pressure.

Sources of the magnetic field at the photosphere are dynamic and highly turbulent.
The magnetic flux at the surface in the quiet sun is replaced every 14 hours (Hagenaar,
2001), which indicates the very dynamic nature of the solar magnetic field. Further-
more, Close et al. (2004) investigated the statistical properties of the magnetic field
lines of the lower corona (under 2,500 km) by constructing magnetic field lines from
magnetograms of the SOHO data, tracking them, and recalculating their connectivity.
The tireless motion of these magnetic flux concentrations, along with the continual
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appearance and disappearance of opposite-polarity pairs of fluxes, releases a substan-
tial amount of energy that may be associated with a whole host of physical processes in
the solar corona. Their calculations show that the emergence and cancellation of flux in
the photosphere has a profound effect on the corona. They concluded that the time for
all the field lines to change their connection is the astonishingly short time of 1.4 hours,
even in the quiet phase, since a substantial amount of reconnection occurs in response to
emergence and cancellation of flux. This suggests that very fast reconnection is taking
place at numerous places on the photosurface.

There are different types of eruptions in the solar atmosphere, such as CMEs, pro-
minence eruptions, and eruptive flares, and they are considered to be related. CMEs
are large-scale ejections of mass and magnetic flux from the corona into interplanetary
space. They are thought to be produced by a loss of equilibrium in coronal magnetic
plasma structures, which induces abrupt changes in magnetic topology. A typical CME
carries roughly 1013 Wb of flux and 10'3 kg of plasma into space (Priest and Forbes,
2000). During the active period of the sun, one CME is seen per day. The intermittent
emergence of new flux from the convection zone and reshuffling of the footpoints of
closed coronal field lines causes coronal field stress to accumulate. When the stress
exceeds a certain threshold, the stability of the magnetic field configuration breaks and
erupts. This model is called a storage-and-release model. While this plausible explana-
tion is difficult to verify by observation due to the limited measurements of magnetic
field topology, many numerical simulations and experimental investigations have been
carried out recently, as described in chapters 7 and 9

Almost all active phenomena occurring in the solar atmosphere seem to be related
to magnetic reconnection, directly or indirectly. This is probably a consequence of the
universal nature of the low-8 plasmas in the solar corona, where magnetic energy
dominates over kinetic or thermal energy. It is expected that magnetic reconnection
will have a significant impact on heating as well as dynamics in the solar corona. In
addition, there is evidence that even dynamic phenomena in the chromosphere (8 ~ 1)
and photosphere (8 >> 1) may be related to reconnection. In the reconnection layer,
where magnetic field changes drastically, currents are induced and concentrated in thin
filaments, so that the magnetic energy density in the filaments is rapidly dissipated.
Thus, once reconnection occurs in the filaments, the influence of reconnection can
be significant. Also, recent stellar observations have reported many dynamic activi-
ties in various stars, such as jets and flares from young stellar objects and binary stars.
Even superflares have been discovered on many solar-type stars. These dynamic events
are much more energetic than solar flares, but the basic properties of these explosive
events appear to be similar to solar flares. Although evidence is still considered “indi-
rect,” both theories and observations suggest similarity between solar flares and stellar
flares.

For the past half century, numerous theories and numerical simulations have been
attempted in order to determine the mechanisms of the CME. The CSHKP model
(Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp and Pneuman, 1976) has
been regarded as a standard model, while some modification was made later. Initially,
coronal arcades of magnetic field lines are in equilibrium, supporting a high-density
filament called a prominence, which resides on top of the arcade lines as shown in



16 CHAPTER 2

plasmoid

Reconnection jet

\ HXR loop kc\cl>p source

Figure 2.1. Hard-X-ray image of the top of an arcade from the Yohkoh satellite [from
Masuda et al. (1994)] and a CME model [from Shibata et al. (1995)].

figure 2.1. When this equilibrium between the flare magnetic field with prominence
and its overlaying coronal arcade breaks, a CME occurs.

An intriguing illustration of magnetic reconnection occurs in the wake of a CME.
As the mass is ejected from the solar surface it pulls out field lines of a magnetic
loop. As the ejected mass moves away from the sun, the opposing magnetic field lines
of the loop are drawn out (see figure 2.1), and these field lines begin to reconnect at
an X-point, which would form an X-line in three dimensions. The reconnection sends
particles down the field lines and when the particles hit the surface they emit radiation
that appears as a pair of ribbons at the photosurface. As more lines reconnect, the
X-line rises and the ribbons separate outward correspondingly. The correlation of this
rise and the separation of the foot ribbons nicely illustrates the reconnection event.
(See Pneuman, 1984 for a more detailed description and Harvey and Recely, 1984 for
a specific event.)

Some theoretical work has focused on two-dimensional models of the evolution
of force-free magnetic arcades, in which field-line footpoints are advected by flows in
the solar photosphere. A two-dimensional flux rope model has been proposed by Forbes
and Priest (1995) to describe the eruptive processes of solar flares by a sequence of ideal
MHD (magnetohydrodynamic) equilibria. They demonstrated that the equilibrium of a
flux rope jumps from one state to the other through the formation of a current sheet or
reconnection layer in the solar atmosphere. Recent work addresses three-dimensional
effects.

Past and recent satellites have provided a wealth of observational evidence of mag-
netic reconnection. Cusp-shaped flare loops consistent with the classical CSHKP model
were observed and a plasmoid ejection model was proposed (Shibata et al., 1995).
The profiles of hard-X-ray emissions show evidence of particle acceleration at the top
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of soft-X-ray flares, concomitantly with the appearance of impulsive flares or CMEs.
Masuda et al. (1994) observed that magnetic reconnection occurs above the flare arc
as predicted by the classical CSHKP model for long-duration-event (LDE) flares and
found that high-speed jets generated by reconnection intersect with the top of the recon-
nected flare loop to produce a hot region that is represented by strong hard-X-ray
emission. Based on this observation, Shibata proposed a model modifying the earlier
flare models as shown in figure 2.1. Yokoyama et al. (2001) measured the reconnection
speed based on evolution of the soft-X-ray pictures from Yohkoh and concluded that
the reconnection speed is in the relatively wide range of 0.001-0.05Vy (Vj is the Alfvén
velocity). This reconnection rate is significantly larger than the classical Sweet—Parker
rate, which will be described in chapter 3.

2.1.1 Particle heating and acceleration in solar flares

The features of energetic particles in solar flares are studied using the hard-X-ray and
y-ray imaging system of the Reuven Ramaty High-Energy Solar Spectroscopic Imager
(RHESSI) (Lin et al., 2003). Emissions from energetic ions up to gigaelectron volt
energies and electrons up to 100 MeV energies are observed during large solar flares
(Lin, 2006). Comparative studies of these images with TRACE images show that the
locations of these emissions overlap with the arcade footpoints on the photosphere,
suggesting that these emissions are due to collisions of energetic particles with the
solar surface. These results are consistent with the physical picture shown in figure 2.1.
The observed energy spectra are often of a power-law form, and the estimated total
energy from these particles can be as large as 50% of the total released energy of
solar flares. These results suggest that there exist efficient mechanisms for accelerat-
ing nonthermal particles to high energies during magnetic reconnection. This poses a
significant challenge to our understanding of magnetic reconnection physics as theo-
retical investigations on particle acceleration have just begun. It has been suspected
that a large amount of change of flux in a short timescale would accelerate plasma
particles to an enormously high energy level of multiple megavolts. One other idea
proposed is based on Fermi acceleration from contracting magnetic islands with mag-
netic reconnection (Drake et al., 2006). Some signatures of magnetic islands correlating
with energetic electrons have been observed in magnetospheric plasmas (Chen et al.,
2008b).

The H, emission is often accompanied by X-rays with energy levels of tens to
hundreds of kiloelectron volts, microwave emission, and, in some flares, y-ray emis-
sion. The hard-X-rays come due to bremsstrahlung from electrons with energies in the
tens to hundreds of kiloelectron volts. The microwaves are due to gyro-synchrotron
radiation from the same electrons, whereas the H,, is excited by the fast electrons as
they slow down in the chromosphere. The y-rays result from electron—positron col-
lisional annihilation, neutron capture on protons, and the decay of excited nuclear
states, and they are evidence that ions are accelerated at least to tens of megaelectron
volts. The particle energy spectra are nonthermal and typically fit by broken power
laws with spectral indices in the range 4—6. Most of the emission comes from the
chromospheric footpoints of the coronal loops, where the high gas density makes the
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Figure 2.2. Observation of a plasma jet through time evolution of typical X-ray jets
observed in the Ca II H broadband filter of Hinode/SOT. Times are shown in UT. [From
Shibata et al. (2007).]

interaction time short. However, the presence of microwave hotspots at the loop tops,
as well as other morphological evidence, suggests that the particles are accelerated in
the corona. The emission is typically sustained for hundreds to thousands of seconds,
but varies on timescales as short as several microseconds. This could be due either to
an intermittent acceleration mechanism or to propagation effects (Zweibel and Haber,
1983).

2.1.2 Small flares and jets in low altitude coronae

Space-based solar observations revealed that the solar atmosphere is full of small-
scale flares, called microflares, nanoflares, and even picoflares, and that these small-
scale flares are often associated with jets. One example is the X-ray jet, discovered by
Yohkoh/SXT (Shibata et al., 1992). There are many pieces of observational evidence
that show that the jets are produced by magnetic reconnection (Shibata et al., 1995).
Yokoyama and Shibata (1995) performed MHD simulation of reconnection between
an emerging flux and an overlying coronal field and successfully explained the obser-
vational characteristics of X-ray jets on the basis of their simulation results.

A second solar satellite from Japan, called Hinode, was launched in 2006 to study
the properties of the lower solar atmosphere. Its data are revealing much about the
evolution of the chromospheric corona, which exists in the 500-2,000 km range of the
solar atmosphere, as well as how plasma waves might transport energy to the corona.
Using high-resolution images taken with SOT (Solar Optical Telescope), numerous tiny
chromospheric anemone jets (whose apparent footpoint structures are similar to a sea
anemone in three-dimensional space) were discovered in the active region of the chro-
mosphere. Shibata et al. (2007) reported the ubiquitous presence of chromospheric jets
at inverted- Y-shaped exhausts outside sunspots in active regions as shown in figure 2.2.
These jets are typically 2,000 to 5,000 km long and 150 to 300 km wide, and their
velocity is 10 to 20 km/s.



RECONNECTION IN SPACE AND LABORATORY 19

(a) X-ray Jets/SXR microflares

Corona Q
X
Transition region //-\\\,\

armemes ()

10*km

(b) EUV Jets/EUV microflares
Corona %
Transition region

X
Chromosphere m
Photosphere /\
—
10% km

(c) Spicules Jets/Photoshperic nanoflares

Corona %
.
Transition region A

2) \
g
Chromosphere \
Photosphere : ; ?\
rm——
102 km
Figure 2.3. A schematic illustration of magnetic reconnection that occurs at various

altitudes in the solar atmosphere. (a) X-ray jets/SXR microflares. (b) EUV jets/EUV
microflares. (c) Chromospheric anemone jets/nanoflares. [From Shibata et al. (2007).]

Since the morphology of the chromospheric anemone jets is quite similar to that of
the coronal X-ray jets, it was suggested that magnetic reconnection occurs at the feet
of these jets (Shibata et al., 1992), although the length and velocity of the jets are much
smaller than those of the usual coronal jets (figure 2.3). They suggested that magnetic
reconnection similar to that seen in the corona occurs at a much smaller spatial scale
throughout the chromosphere and that the heating of the solar chromosphere and corona
may be related to small-scale reconnection, as seen in figure 2.3. We will describe the
mechanisms of magnetic reconnection in X-ray jet flares in more detail. On the other
hand, De Pontieu et al. (2007) found evidence of Alfvén waves propagating with a
speed of 10-25km/s and argue that the waves are energetic enough to accelerate the
solar wind and possibly heat the quiet corona. With these two different views from the
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same satellites, investigations have been continued in order to answer one of the most
important questions: How is the solar corona heated to a temperature more than two
orders of magnitude higher than that of the photosphere?

2.1.3 Past and recent observations and development

It is important to note that the global magnetic energy of solar coronae is stored through
a slow emergence of flux from the photosphere. If reconnection happens quickly all the
time, CME does not develop. One physical mechanism that can trigger a storage-and-
release eruption, CME, is a loss of equilibrium that occurs when the vertical force
balance of the magnetic field breaks down suddenly. This is called torus instability.
The basic idea is that an upward perturbation of the flux rope will be unstable if the
downward restraining forces acting on the rope decay more quickly with height than
do the upward driving forces. For torus instability, the restraining forces are assumed to
be generated primarily by the interaction between the flux rope and an ambient “strap-
ping” magnetic field and are generally parallel with the solar surface. Thus, if this
strapping field decreases too quickly with height, then its associated restoring force
is not strong enough to prevent the flux rope from erupting. While this concept was
developed in fusion research, Kliem and Torok (2006) derived the condition for torus
instability. They used a somewhat more general formulation than the one by Bateman
(1978) and treated the time evolution of the instability. They considered two cases: a
freely expanding toroidal ring relevant in the laboratory and for CMEs and an expand-
ing ring with constant total current, which captures an important effect of the footpoint
anchoring on an expanding partial ring and can be relevant in the initial stage of CMEs.
They concluded that torus instability is a possible mechanism for CME by justifiably
neglecting the effects of gravity and plasma pressure.

In order to study the mechanisms of solar flare eruptions, several laboratory exper-
iments have been carried out in past decades by simulating an eruption in the labora-
tory (Hansen and Bellan, 2001; Soltwisch et al., 2010; Tripathi and Gekelman, 2010).
These laboratory arched-flux-rope experiments relied on the dynamic injection of either
plasma or magnetic flux at the footpoints in just a few Alfvén times, 74 =L/v4.
Recently, a laboratory experiment was carried out on MRX (Myers et al., 2015). In
this new MRX setup, an experimental study of magnetic reconnection beyond the local
reconnection layer was carried out, considering the impact of impulsive reconnection
phenomena on the global topology of astrophysically relevant laboratory plasmas. The
special plasma configuration studied here was that of an arched, line-tied magnetic flux
rope. This configuration is of particular interest due to its central role in storing and
releasing magnetic energy in the solar corona (Chen, 1989; Titov and Démoulin, 1999;
Savcheva et al., 2012). Recent MRX flare experiments enforced a strict separation of
timescales between the footpoint driving time tp ~ 150 us and the dynamic Alfvén
time t4 ~ 3 us, such that the observed eruptions were driven by storage-and-release
mechanisms. It was shown that toroidal magnetic flux generated by magnetic relax-
ation (reconnection) processes generates a new stabilizing force that prevents plasma
eruption. The results lead to the discovery of a new stabilizing force for solar flares
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(Myers et al., 2015). A detailed description of this experiment and the analysis will be
presented in chapter 9.

2.2 MAGNETIC RECONNECTION IN THE MAGNETOSPHERE

The solar wind travels inside the solar system, carrying magnetic fields with it. When
the solar wind interacts with a planetary magnetic field, or with other solar winds
with different velocity vector components, magnetic boundary layers develop. In these
boundaries, current sheets develop and magnetic reconnection occurs. When the field
lines meet nearly antiparallel in these boundaries, a current sheet develops with the
magnetic field becoming zero (neutralized) at the sheet center. It is sometimes called
a neutral sheet. Current sheets are seen on both the dayside (magnetopause) and the
nightside (magnetotail) of the earth’s magnetosphere as shown in figure 2.4 (Dungey,
1995; Vasyliunas, 1975; Kivelson and Russell, 1995) at places where interactions occur
between the magnetic fields of the solar wind and the earth’s dipole field. Such current
sheets are expected around all other magnetized planets.

Satellite observations showed that the current sheath thickness is of the order of the
ion skin depth or the ion gyroradius. We note that in the magnetopause where the solar
winds meet the magnetosphere, the magnetic pressure of the magnetosphere is almost
equal to the plasma pressure (8 ~ 1) of solar winds and the ion skin depth is thus about
the same as the ion gyroradius. The ion gyrodepth is typically 50-200 km in the magne-
tosphere, while it is larger by an order of magnitude (500-2,000 km) in the magnetotail.
In this situation, the reconnection dynamics cannot be described by the conventional
MHD theory of reconnection. This is because ions and electrons behave differently in
the reconnection region, requiring two-fluid and kinetic physics. Also, the reconnec-
tion could be a very turbulent process, both in time (intermittent) and space (patchy),
since the relative drift of electrons with ions can excite electrostatic or electromagnetic
fluctuations. A number of researchers have observed electric and magnetic turbulence
in the magnetopause as well as in the magnetotail.

The magnetopause is the boundary that separates the geomagnetic field and plasma
of terrestrial origin from the solar-wind plasma (Hughes, 1995). Figure 2.4 is a schematic
of the magnetosphere showing it on both the dayside and the nightside. On the dayside
magnetopause, pressure balance is maintained between the incoming solar winds and
the earth’s magnetic field. Ampere’s law applied across the boundary shows that cur-
rents have to flow in the boundary sheet as shown in the figure. On the nightside of
the magnetosphere there is a magnetotail in which the lines of force stretch behind the
earth in a direction away from the sun. As seen in figure 2.4, a current sheet is formed
between the tail lobes, which is occupied by the magnetic field lines that connect to
the two polar regions of the earth. The energy and plasma in these magnetotails are
intermittently released into the inner magnetosphere during magnetic substorms. It is
generally believed that, during a substorm, solar-wind plasma and energy are injected
into the magnetosphere and then released from it through magnetic reconnection pro-
cesses (Hughes, 1995).
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Figure 2.4. Schematics of magnetic reconnection to generate magnetic reconnection in
the magnetosphere. IMF field lines (1) reconnect the earth dipole field line (1) at the
magnetopause. Field lines 6 and 6’ reconnect at the second X-line at the tail. [Adapted
from Hughes (1995).]

When the magnetic fields on either side of the dayside magnetopause have different
tangential components, a current sheet develops and dissipates, as the magnetic fields
reconnect. If a southward interplanetary magnetic field (IMF) and the northward earth
dipole field meet at the magnetopause, reconnection occurs efficiently. The reconnected
field lines, still tied to the polar cap on one end, are embedded in the solar wind on the
other side and are blown away to the nightside of the earth. Dungey showed that this
motion of the reconnected magnetic field lines would induce the observed pattern of
plasma flow in the upper atmosphere of the polar cap, shown in figure 2.4 as lines 1-5.
The plasma on the flux tube driven away by the solar-wind flow would sense an electric
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field of E = vgw x Bgsw in the dawn-to-dusk direction. This electric field shows up in
the polar cap and drives the flow of electrons through the ionosphere in the noon-to-
midnight direction.

If this process were to continue indefinitely, the entire geomagnetic field would
become connected to the open field lines of the IMF. Actually, another reconnection
at another X-line happens and half of the reconnected flux returns to closed mag-
netospheric lines in the lobe which is connected to the earth while the other half is
blown downstream with the solar wind. The newly connected closed dipole (dipolar-
ized) field line contracts toward the earth, increasing the kinetic pressure of the dipo-
larized plasma. The stressed dipole field lines flow toroidally around the earth from
the nightside to dayside. The convective flow circuit is closed, as shown in figure 2.4
as lines 6-9. This figure illustrates the plasma flow lines caused by the sequences of
reconnection processes as lines 1-9. The entire process, described here as a steady
process, actually happens intermittently in bursts, which are called substorms. This
Dungey picture convincingly describes the fundamental role of magnetic reconnection
in substorms.

Recently, using measurements by MMS satellites, in the strongly asymmetric recon-
nection layers of the magnetosphere, the energy deposition to electrons has been found
to occur primarily in the electron diffusion region where electrons are demagnetized
and diffuse. A large potential well is observed within the reconnection plane and ions
are accelerated by the electric field toward the exhaust region. The present comparative
study identifies the robust two-fluid mechanism operating in systems over six orders
of magnitude in spatial scales and over a wide range of collisionality. We will describe
this important observation in chapter 9.

2.3 MAGNETIC RECONNECTION IN SELF-ORGANIZATION IN
FUSION PLASMAS

A large amount of experimental evidence for magnetic reconnection is found in fusion
research devices by using measurements of field-line rearrangement through breaking
and reconnection of magnetic field lines. Here we observe the evidence for magnetic
reconnection through self-organization of magnetic field configuration, which consists
of multiple layers of magnetic flux surfaces made of equally pitched magnetic field
lines, as shown in figure 2.5. An axisymmetric tokamak plasma consists of nested flux
surfaces made of magnetic field lines of an equal global pitch. When magnetic recon-
nection occurs in a certain flux surface, the pitch of the field lines changes through
breaking and reconnection of field lines.

Most fusion laboratory experiments are carried out in toroidal (donut-shaped)
plasma systems that satisfy, for the most part, the conditions for an MHD treatment
of the plasma. Typical experimental examples of magnetic reconnection are found in
“sawtoothing” tokamak fusion plasmas with Lundquist numbers exceeding 107 and
in magnetic self-organization in spheromak and RFP (reversed field pinch) plasmas.
Many experiments have been carried out to investigate magnetic reconnection phe-
nomena in these devices, to control the stability and the confinement features of the
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Figure 2.5. Magnetic flux surfaces in a toroidal fusion plasma. An axisymmetric
toroidal pinch plasma consists of nested flux surfaces made of magnetic field lines
of an equal pitch. On each flux surface, 7, is constant because of high parallel heat
conductivity of electrons. The axis of the toroidal plasma core is called the magnetic
axis (r =0) and (r, 0) define the poloidal plane. [Figure from Google search: magnetic
flux surface.]

current-carrying plasmas. Generally, it is found that magnetic reconnection is
determined both by three-dimensional global boundary conditions and by local plasma
parameters in the reconnection layer.

In toroidal fusion devices, toroidal currents are often utilized to heat the plasma
and produce poloidal magnetic fields that effectively confine the high pressure plasma
by a compressing pinch force. Tokamak, RFP, and spheromak configurations belong
to this category. While all these configurations generate confining (by self-pinching)
poloidal fields, toroidal fields are supplied differently. In tokamaks, a strong toroidal
field is supplied externally. The toroidal field of an RFP is created by the combined
effects of internal currents and an externally applied toroidal field. A spheromak does
not have any externally applied toroidal field, and its toroidal field is entirely created by
an internal plasma current. There is a remarkable feature common to all these current-
carrying configurations: their plasmas constantly tend to relax to a quiescent state (of
lower magnetic energy) through global magnetic self-organization in which magnetic
reconnection plays a key role.

2.3.1 Magnetic reconnection in tokamaks

Sawtooth relaxation oscillations were discovered by von Goeler et al. (1974) in toka-
mak discharges. They are a typical example of global magnetic reconnection in a
plasma. Sawtooth oscillation (Kadomtsev, 1975; Wesson, 1987) is observed as a peri-
odic repetition of peaking and sudden flattening of the electron temperature (7,) pro-
file in the minor cross-section (a cutoff plane in a toroidal position) of a tokamak, as
shown in figure 2.6. The conventional diagnostics for this phenomena are soft-X-ray
diodes measuring bremsstrahlung emission along different chords across the plasma.
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Figure 2.6. Observation of sawtooth oscillation by soft-X-ray diagnostics. (a)
Schematic setup to measure the minor cross-section of a tokamak with two (inner and
outer) chords. (b) Soft-X-ray signals along the inner (1) and outer (2) chords. [Adapted
from Biskamp (2000).]

The observed signals usually have a sawtooth shape, whence the name. Recently, the
electron cyclotron emission diagnostics have accurately measured the evolution of the
temperature profiles.

An axisymmetric tokamak plasma consists of nested toroidal flux surfaces on each
of which T, is constant because of high parallel heat conduction along magnetic field
lines. The MHD stability of a tokamak plasma is determined by the safety factor ¢,
which is expressed (in chapter 9) as 27 times the inverse of the rotational transform
of toroidal magnetic field lines (Wesson, 1987). A peaked T,-profile generally leads to
a more highly peaked current profile because of higher electrical conductivity at the
center of plasma. The resultant strong peaking of current density makes the plasma
unstable to a helical MHD kink mode, which develops near a resonant flux surface.
The resulting helically deformed plasma induces magnetic reconnection near the g = 1
surface, as shown in figure 2.7. This reconnection produces a topological rearrange-
ment of the internal magnetic field lines of the flux surfaces, relaxing the plasma into
a lower energy state. During this reconnection process the g-profiles were measured
to change. Kadomtsev (1975) proposed that the reconnection event (crash) should lead
to a uniform current-density configuration with g =1 after the crash phase, and a flat
electron temperature (7,) profile. The same cyclic evolutions are repeated afterward.
Dozens of experimental studies were carried out to verify his work. While the temper-
ature flattening was always observed after the crush, the measured g-value after the
crash was not always 1. However, a small but measurable change of g-value was recog-
nized in all measurements, which shows evidence of the magnetic reconnection process
(Soltwisch, 1988; Levinton et al., 1993; Yamada et al., 1994; Park et al., 2006b). During
a sawtooth crash in the Tokamak Fusion Test Reactor (TFTR) tokamak plasma, mag-
netic reconnection was observed to cause only a partial mixing of field lines. This was
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Figure 2.7. (a) Schematic view of changes in 7T,- and g-profiles versus minor radius
in a minor cross-section (poloidal plane) during sawtooth crash in a tokamak plasma.
(b) Description of the Kadomtsev model in a poloidal plane: m =1, n =1 MHD insta-
bility develops near the ¢ = 1 flux surface and induces magnetic reconnection. [From
Kadomtsev (1975).]

evidenced by the small changes in the g-profile, which were documented by Levinton
etal. (1993), Yamada et al. (1994), and Nagayama et al. (1996). This change of g-value
represents magnetic reconnection. Recent progress in the study of tokamak sawtooth
reconnection will be discussed in more detail in chapter 9.

2.3.1.1 Magnetic relaxation in RFPs

The RFP (reversed field pinch) is an axisymmetric toroidal pinch in which plasma is
pinched (squeezed) and confined by a poloidal magnetic field created by a toroidal
plasma current, and by a toroidal field created internally and externally. As postu-
lated by Taylor (1974), the RFP configuration is generated by a process of self-organi-
zation in plasma, in which plasma settles into a state of minimum energy for a given
helicity.

In an RFP discharge, magnetic reconnection occurs during this self-organization
process of a toroidally confined plasma, and can be both continuous and impulsive. The
magnetic energy is stored in a force-free magnetic equilibrium configuration via slow
adjustment to an external driving force. Then through a sawtooth event the magnetic
field suddenly reconnects and the plasma reorganizes itself to a new MHD equilibrium
state. In this device, local reconnection on different flux surfaces leads to a global relax-
ation whose macroscopic properties are studied as shown in figures 2.8 and 2.9. The
RFP magnetic field is sheared (figure 2.8) with its pitch changing its direction from a
toroidal direction at the center to a nearly poloidal direction at the edge. Because of
the shearing of the field lines, reconnection occurs at multiple radii, with each radial
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Figure 2.8. Schematic of an RFP plasma configuration showing magnetic field lines,
strongly sheared, where Br is the toroidal field and Bp is the poloidal field. Reconnec-
tion can occur at multiple surfaces, such as those indicated in the cutaway view of the
toroidal plasma. The radial dependence of the poloidal and toroidal magnetic fields is
plotted. [From Sarff et al. (2005).]
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Figure 2.9. A magnetic reconnection event in MST plasma. Time evolution of (a)
toroidal magnetic flux, (b) poloidal magnetic flux, (c) magnetic helicity K (explained
in chapter 9), (d) magnetic energy W, and (e) one-turn poloidal voltage. [From Ji et al.
(1995).]
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location corresponding to a rational surface at which the safety factor ¢ =m/n (m and
n are poloidal and toroidal mode numbers respectively). Often, the multiple reconnec-
tions occur suddenly and simultaneously, leading to a sudden global rearrangement of
the entire magnetic field. During these reconnections it is found that global helicity
tends to be conserved, while the total magnetic energy is dissipated (Ji et al., 1995).

In a representative RFP device, the Madison Symmetric Torus (MST), simulta-
neous reconnection at different radii corresponding to different n with m =1, was
observed. When the current density profile becomes highly peaked, tearing modes
develop reconnecting magnetic field lines, and plasma reorganizes itself rapidly to a
new MHD equilibrium state. In this self-organization of magnetic field lines, a conver-
sion of magnetic flux and energy from poloidal to toroidal occurs. Figure 2.9 shows the
time evolution of toroidal and poloidal magnetic flux, together with that of magnetic
helicity K (discussed in chapter 9) and magnetic energy W, indicating an abrupt con-
version of poloidal magnetic flux to toroidal flux and making the total magnetic energy
smaller (Ji et al., 1995). The ion temperature increases significantly at the expense of
magnetic energy. Multiple reconnection events are often observed and the reconnection
is impulsive in time. Recent theoretical and experimental results show that the different
reconnections are coupled. Essentially, all effects of magnetic self-organization in MST
(dynamo, ion heating, momentum transport) are strongly amplified when multiple, cou-
pled reconnections occur. One of the most important questions for global reconnection
is why reconnection occurs impulsively. The study of magnetic reconnection in RFPs
is discussed in more detail in chapter 9.

2.4 AN OBSERVATION OF A PROTOTYPICAL RECONNECTION
LAYER IN A LABORATORY EXPERIMENT

Recently, more than a half dozen dedicated laboratory devices have been built to study
the basic mechanisms of magnetic reconnection. The MRX device is a typical example.
Reconnection in MRX is driven by utilizing a flexible toroidal plasma configuration
(Yamada et al., 1997a). An environment is created in which the MHD criteria are
satisfied on a global scale, with a large Lundquist number and a size much larger than
the ion gyroradius. One advantage of the modern dedicated experiments is that the cur-
rent sheets are made to be toroidally continuous and free from constraints caused by
termination by endplates or electrodes.

In MRX, reconnection is driven in a controlled manner with toroidal-shaped flux
cores that contain coil windings in both the toroidal and poloidal directions. By pulsing
currents in these coils, two annular plasmas are inductively created around each flux
core (Yamada et al., 1981, 1997a). After the plasmas are created, the coil currents are
programmed to drive magnetic field lines toward a reconnection point (X-point), pro-
ducing a narrow neutral sheet or current layer. The dynamics of the local reconnection
layer are then studied in it. This is an experimental realization of Dungey’s concept
shown in figure 1.3. When the experiments are carried out in collision-dominated plas-
mas with no guide magnetic field (antiparallel reconnection), a typical two-dimensional
Sweet—Parker diffusion region profile (a rectangular box shape), with two Y-shaped
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Figure 2.10. Demonstration of magnetic reconnection seen through measured field lines
in MRX. In the low-8 plasma outside the neutral sheet, poloidal flux contours represent
magnetic field lines and are seen to break and reconnect. [From Yamada et al. (1997a).
https://mrx.pppl.gov/mrxmovies/Collisional.mov]

ends, is observed. The time evolution of the magnetic field lines is measured and
displayed as a movie. (See the MRX website at http://mrx.pppl.gov/mrxmovies.) This
movie shows the time evolution of the measured flux contours of the reconnecting field
being driven to the reconnection layer, reconnecting and exiting to the exhaust region.
By monitoring these contours, the reconnection rate can be documented as a function
of plasma parameters (Yamada et al., 1997b,a; Ji et al., 1998, 1999). During the past
decades, extensive studies have been carried out in many other laboratories that are
dedicated to the study of magnetic reconnection. In later chapters, the results of the
MRX and other dedicated laboratory devices are described in detail.


https://mrx.pppl.gov/mrxmovies/Collisional.mov
http://mrx.pppl.gov/mrxmovies

Chapter Three

Development of MHD theories for magnetic
reconnection, and key observations in laboratory

and space plasmas

In the early days of plasma physics in the 1950s, scientists found a very powerful and
useful way of describing the plasma dynamics using MHD (magnetohydrodynamics),
treating plasma as one fluid element. Ideal MHD theory, which excludes resistive dif-
fusion due to plasma resistivity, was developed to describe the dynamics of highly
conductive plasmas (7 = 0), where magnetic field lines always move with the plasma
and remain intact, with Ej =0. This MHD theory was built upon the foundation of
hydrodynamics. Thus we start with a description of plasma and associated electro-
magnetic fields in fluid physics. While it was found to be very effective, it was also
realized that it cannot straightforwardly describe the key physics of magnetic recon-
nection, where a large current density is generated separating the motion of electrons
from ions.

3.1 EARLY HISTORY OF MHD THEORY ON
MAGNETIC RECONNECTION

The idea of magnetic reconnection first originated in attempts to understand the heating
of the solar corona and the origin of the enormous energy observed in solar flares. It was
recognized early (Giovanelli, 1946; Hoyle, 1949; Dungey, 1953) that solar flares occur
in the neighborhood of sunspots where the strong magnetic field is observed to have
magnitudes of several kilogauss. Such fields contain large quantities of energy, and if
a mechanism could be found to convert this energy into heat, radiation, and kinetic
energy, it would provide an origin for the energy emitted by a solar flare. However, a
simple estimate of the resistive decay time of the magnetic field shows that a direct
conversion of magnetic energy is too slow to heat coronae. For example, the magnetic
diffusion time for a standard-size solar flare (L ~ 10,000 km) would be 1 million years
(~ 10" s). On the other hand, a topology change in a solar flare occurs in just a few
minutes (~ 103 s). Instead, attention moved to the origin of the energetic particles asso-
ciated with the flares. Giovanelli (1946) showed that the changing field strengths in the
sunspot fields would produce large voltages that were capable of accelerating charged
particles to high energies. It was suspected that such voltages in the presence of the
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magnetic fields would lead to local mass motions when the electric field was applied
across the magnetic field, and would be shorted out when it was parallel to the field.
Keeping these points in mind, they looked into neutral point regions where the magnetic
field was zero.

The annihilation of the magnetic field in the neutral layer by MHD forces was
emphasized by Dungey (1953) who pointed out that near neutral points the decreas-
ing magnetic field would generate current layers and invoke magnetic reconnection,
leading to fast conversion of magnetic energy as mentioned in chapter 1. Sweet (1958)
pointed out, at the 6th International Astronomical Union (IAU) conference in 1956, that
the electric current density j could be concentrated in thin layers (the current sheets of
Dungey, 1953), where its magnitude is enhanced such that Ohmic dissipation, propor-
tional to j2, could release magnetic energy at a greatly increased rate. In reality, it is not
just Ohmic dissipation that leads to the conversion of magnetic energy to other forms.
Another energy conversion mechanism can come from a change in the configuration of
the magnetic lines so that they develop the strong curvature of field lines in the current
layer. The energy conversion is caused by the curved magnetic field lines unfolding
and accelerating the plasma out of the ends of the current layer (exhaust), simultane-
ously lowering the magnetic energy and accelerating the plasma, increasing its kinetic
energy. This kinetic energy could sometimes lead to shocks and to viscous dissipation,
which turns the energy into radiation and accelerates particles. This sequence of events
was termed magnetic reconnection at that time, although it is only the first stage that
involves physical reconnection of the magnetic lines.

At an IAU conference, Sweet (1958) introduced a detailed model for reconnection
and conversion of energy. The same model was independently discovered by Parker
and elaborated by Parker (1963) and it eventually became known as the Sweet—Parker
model of magnetic reconnection. The introduction of the Sweet—Parker model based on
MHD theory led to a long period of research into the physics of magnetic reconnection.
Although the Sweet—Parker model leads to much faster conversion of magnetic energy
than is expected from resistive decay in the absence of current sheets, estimates showed
that it is still much too slow to account for the fast conversion observed in solar flares.
The early history of magnetic reconnection research thus became attempts to modify
the simple Sweet—Parker model to explain the fast topology changes of solar flares, and
high-speed reconnection in the magnetosphere.

In most of the cases of magnetic reconnection presented in chapters 1 and 2, the
Sweet—Parker reconnection rate would be very much smaller than that needed to explain
the observed amount of reconnected flux. This serious discrepancy was apparently
removed by an important modification to the Sweet—Parker model, introduced by
Petschek in 1963 (see Petschek, 1964). Petschek theory introduces slow shocks. If these
shocks emerge at a sufficiently small distance from the X-point, they produce much
faster reconnection rates and can lead to results compatible with observations. The
theory was controversial because the origin of the shocks was unclear. Eventually,
the Petschek model was considered to be of limited applicability barring a discovery
of the shock origin. Its main virtue is that if it could be made to work, it would explain
the desired faster reconnection rates. Details of the Petschek model are given later in
this chapter.
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3.2 DESCRIPTION OF PLASMA FLUID IN
MAGNETIC FIELDS BY MHD

How do we treat plasma fluid theoretically? Plasma is made of negatively charged
electrons and positively charged ions in equal quantities, if it does not have any impurity
(minor component of) ions. It is always neutral with 99.999. .. % accuracy, consisting of
equal amounts of positive and negative charges. If we know the position and behavior
of each particle composing a plasma—electrons and ions—then we should be able
to completely describe the plasma assuming that we have an enormously powerful
supercomputer. But each particle’s position and velocity change under the influence of
electromagnetic fields, and we have to know every action to solve the problem. Since
this approach is unpractical and almost impossible, we rather describe plasma dynamics
by employing the scheme used in hydrodynamics for nonmagnetic fluid materials such
as water and oil (Kulsrud, 2005).

In MHD theory, the basic state of a plasma is specified locally by its mass density
p, its velocity V, its fluid pressure p, the electric field E, and magnetic field B. They
are all functions of position r and time ¢. If the collision frequency is high, the electron
and ion pressure is isotropic and heat flow can be assumed small. It is also important to
note that electrons and ions are considered to compose one fluid element even though
a current can flow through it: the one-fluid formulation. If we can neglect the effects of
plasma resistivity (this is a valid assumption when the magnetic Lundquist number (.S)
is large, as we describe in a later section), the plasma can be described by the “ideal
MHD equations” neglecting resistive dissipation.

First, all electromagnetic dynamics of plasma should be based on the following four
Maxwell equations:

« Faraday’s induction equation,

oB
— =—-VXxE; 3.1
ot
o Ampere’s law,
V x B j + 1 OF (3.2)
X B = —_— .
HnoJ 2 o1
« the divergence of B,
V.-B=0; (3.3)
« the Gaussian equation,
v.E=1, (3.4)
€0

where ¢ is the electric charge density.
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The second term of eq. (3.2) represents a displacement current and is negligible in
most MHD dynamics except for very fast phenomena (e.g., the wave phenomena of
fast phase velocity) or in nonneutral plasmas.

Once again, in the MHD formulation the plasma parameters (mean density p, pres-
sure p =nT, and mean velocity V') are used to characterize the plasma state and they
are governed by the fluid equations. The equations that describe the MHD dynamics are

« the continuity equation for the total plasma density p,

ap
5 TV V) =0; (3.5)

« the equation of motion for the velocity V,

oV ,
p(¥+v-vv)=1x3—vp+pg, (3.6)

where g is the external (gravity) force;
« the equation of energy conservation,

%(piy)Jrv.v(p%):o. (3.7)

Here p represents the plasma pressure and y is the adiabatic constant.

Particularly when a plasma is sufficiently collisional, namely the collisional mean
free path of plasma particles is much shorter than the system size, plasmas can be
described macroscopically as a “one-component fluid” interacting with the local elec-
tromagnetic field by MHD. This MHD formulation was established in the early stages
of development of the theory for plasmas. The approach is generally valid and effective
when the collision rate of each species with itself is high compared to the macroscopic
rate of change. In this situation, the mean free paths are short compared to the macro-
scopic system size.

3.3 THE FLUX FREEZING PRINCIPLE AND MAINTAINING
PLASMA EQUILIBRIUM

In order to understand the basics of MHD, we introduce here two important properties
of a plasma. The first basic property is flux freezing. Flux freezing implies that magnetic
field lines maintain their physical reality, and any given set of field lines (which repre-
sent the magnetic field in strength and direction) continues to represent the magnetic
field at later times. Indeed, this is achieved by the field lines being bodily carried with
the plasma. As a consequence, if two plasma fluid elements A and B lie on the same
magnetic line of force at time ¢, they will continue to lie on a common line of force at
any later time ¢’. Furthermore, if a given line of force passes through a fluid element
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Vdt

/ L / / dl
Figure 3.1. Motion of plasma with magnetic flux. Schematic of a lateral move of con-
tour L’ floating freely from its initial position at contour L.

A at a particular time, the line that passes through the identical fluid element at a later
time is regarded as the same line of force, or magnetic field line.

Let us understand the idea of flux freezing. In a highly conductive plasma, the
plasma resistivity is negligible. Generally, the electric field E’ in the moving frame of
the plasma is written as

E'=E+V xB. (3.8)

There is a simple fact that establishes MHD as an appropriate description of the dynam-
ics of a magnetic field in plasma. It is that a plasma moving with velocity v is so con-
ductive that it cannot contain its own significant electric field due to the large mobility
of electrons. Thus, in a highly conductive plasma we write Ohm’s law as

E+V x B=0. (3.9)

Combining this equation with the induction equation (Faraday’s law), we obtain the
equation of motion for the field:

oB

This equation is called the magnetic differential equation or the induction equation
(equation of motion for a magnetic field).

Our mathematical treatment continues with the consideration that a bulk motion of
plasma moves with a magnetic flux through a closed contour, as shown in figure 3.1.
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Then the plasma moves with magnetic field from contour L to L’. It is clear that V dr
represents the movement of loop L to L’. Thus we write a change of magnetic flux in a
plasma with a specific boundary as

d—wz E dS—i—'(,g(del) (3.11)
dt
where V is the global plasma velocity.

The first term represents a pure time change of flux. The second term comes from
the motion of plasma from L to L’ during the time r =0 to t = dr.

We use Faraday’s equation

oB
—=-VxE (3.12)
ot
and Stokes’ vector relationship
%(del)B:%(BxV)~dl=/(Vx(BxV))~dS. (3.13)

As plasma moves with magnetic field lines, we obtain

%:—/VX(E-FVXB)'({S. (3.14)

Thus from eq. (3.9), a clear principle of flux freezing is now established:

dy
— =0 (3.15)

This argument can be understood as follows on figure 3.1. With dI representing the
length along L and L', dl x V At represents the area swept out by dI to L’ in time A¢.
The magnetic flux through the contour L is the same as that of the area through the
contour L’ since magnetic flux is conserved.

This geometrical characterization of flux freezing can also be carried out in a more
mathematically exact way by making use of Clebsch coordinates to describe the mag-
netic field as described in Yamada et al. (2010). It is known that an arbitrary divergence-
free vector field, such as a magnetic field B, can be expressed in terms of two scalar
functions of position « and S as

B=Va x V. (3.16)

It is well known that this representation is automatically divergence-free, so that two
such scalar functions can be found to satisfy eq. (3.16). This formulation is very popular
to describe the equilibria and global characteristics of fusion plasmas, such as tokamaks
(Shafranov, 1956; Wesson, 1987), reversed field pinches, and spheromaks. We note that
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Y and ¢ are often used instead of & and B to describe the equilibrium of toroidal fusion
configurations.
If we assume that « and B are scalar functions of time and space such that

doa da

d—=a—+VVa=O,

d/; a; (3.17)
LT iv.vg=o,

dt Jat + p

then B as given by eq. (3.16) satisfies eq. (3.10).

It is clear now that a line of force, or magnetic field line, is represented by o = const.
and B8 = const., and by eq. (3.17) these are constant following a plasma element, so this
shows that any line is thus bodily transmitted by the plasma motion.

There is another mathematical way to represent flux freezing. For the solar magnetic
field, we have that if the velocity in the solar surface is zero, then « and § are fixed at the
solar surface, the field line is frozen at the surface, and the footpoint mappings and the
topology are preserved during any motions in the atmosphere. In magnetic confinement
fusion plasmas, we can define the flux surfaces of plasma by « and g, replacing @ and 8
by ¢ and ¢ in the customary notation. In this case, { = const. represents a poloidal flux
surface with a toroidal function of ¢ = const. in a toroidal geometry. In a flux surface of
Y = const., the plasma pressure is considered to be constant since there is no exchange
of field lines between flux surfaces: p = const.

The second important property is that any static low-8 plasma equilibrium is largely
determined by the topology of the magnetic field. This can be proven by considering
the footpoint mapping determined by the solar-magnetic-field topology, neglecting its
plasma pressure. Then, of all the magnetic fields B that are divergence-free and have
this topology, the magnetic field that minimizes the total magnetic energy is a force-
free equilibrium and is the unique force-free equilibrium associated with this topology,
as shown by Kulsrud (Yamada et al., 2010).

To see why this theorem holds for the solar magnetic field, consider minimizing the
magnetic energy

1 1
E=— | B>d’x=— /(w x VB> d’x (3.18)
87 8

over all possible functions « and 8, again with the condition that « and 8 are fixed on
the solar flux surfaces. This is the same condition as the footpoints being held fixed.

Now, if we vary £ by changing « by S«, integrate by parts, and use Stokes’ theorem
to get rid of the integrated term, which vanishes on the boundary since §a =0 there,
then

8¢ = 83 / sa(VB-V x B)d’x =0, (3.19)
b4
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so j - VB =0 everywhere since S« is essentially arbitrary. Similarly, from varying S
we get j - Va =0. Thus, expanding the triple product,

jx(VaxVB)=Va(j -VB)—VB(j-Va)=0, (3.20)

or j x B =0, which is the condition for a force-free equilibrium.

For the case of nonzero pressure p, the energy is also a minimum when p is properly
constrained, but the argument is presented in a more sophisticated way (Kruskal and
Kulsrud, 1958). By different arguments, B. Taylor found that a state of p = const. (and
A= j-B/B?=const.) would lead to a minimum energy state.

This unique relationship between topology and equilibrium shows that any change
in topology by reconnection has a significant impact on the entire equilibrium.

3.4 BREAKDOWN OF FLUX FREEZING AND
MAGNETIC RECONNECTION

In the MHD formulation described above, all equilibria are characterized by their topol-
ogy. Any change in the topology implies a different equilibrium with a different energy.
The tendency of plasmas to lower their energy allows a plasma to carry out a mag-
netic reconnection. The main question is how fast this can happen, and this is perhaps
the most important question concerning magnetic reconnection. As we learned earlier,
magnetic reconnection cannot happen if eq. (3.9) is exactly satisfied.

In a plasma with finite resistivity, Ohm’s law would lead us to a different con-
clusion. A more exact magnetic differential equation on MHD for the evolution of B
that allows reconnection must include the resistivity term. For an analysis of the local
reconnection layer using the resistive MHD formulation, the motion of magnetic field
lines in a plasma can be described by combining Ohm’s law and Maxwell’s equations,

E+V xB=nj, (3.21)

where 7 is the plasma resistivity and j is current density.
Once again, combining with

9B
S =VxE (3.22)
yields
9B
22 _Vx(VxB)+-LVB. (3.23)
ot Ho

The last term gives a diffusion of the magnetic field over a timescale of poL? /1. This
relation shows that the field lines are not exactly tied to the plasma but can slip in the
diffusion region. If this diffusion region is small compared to the scale of the magnetic
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field then one can consider the field as frozen in most of the region, even if the resistivity
is not exactly zero.

As mentioned before, a solar flare is generally preceded by the twisting of field lines
by a slow motion of the footpoints in the solar surface, leading to a slow change in the
magnetic field in the solar atmosphere. This twisting gradually increases the stored
magnetic energy. Many visible examples are observable in the solar coronae shown in
figure 1.1. After the energy has increased enough, a sharp shear of field lines occurs at
a certain region and magnetic reconnection occurs, breaking flux freezing conditions.
While this reconnection occurs, footpoints in the solar surface hardly change but the
footpoint mapping and the topology change, throwing the magnetic field out of equi-
librium. After reconnection, the plasma then relaxes by global motions of the plasma
to a new equilibrium of lower energy, releasing its increased energy that had been pro-
duced by the motion in the solar surface. Thus we can say magnetic reconnection is a
counter phenomenon to flux freezing. This discussion started with a concept that ideal
plasma motions do not break lines or change their topology, based on the concept of
flux freezing. In this manner, one sees that a sudden change in topology by a nonideal
motion leads to a rapid conversion of magnetic energy into kinetic energy and then a
subsequent conversion of this kinetic energy into heat, radiation, or particle accelera-
tion by some viscous process. This abrupt change of topology is a nonideal change that
magnetic reconnection can trigger. It is of considerable importance just because it can
lead to a rapid conversion of magnetic energy to other forms.

3.5 RESISTIVE MHD THEORIES AND MAGNETIC RECONNECTION

Sweet and Parker addressed magnetic reconnection problems in a situation where solar
coronal fields are merging in a two-dimensional reconnection boundary layer in which
oppositely directed field lines meet and merge, as shown in figures 3.2 and 3.3. During
this merging process, a diffusion of magnetic field lines occurs due to resistivity. Let us
consider this model in detail here.

3.5.1 Sweet-Parker model

If we consider magnetic field lines approaching each other in a plasma, magnetic field
gradients become locally strong at the meeting point. Plasma flows can lead to singular
current density sheets where E| becomes sufficiently large (finite) to induce non-MHD
plasma behavior so that a magnetic field line can lose its original tie (identity) with
plasma particles due to diffusion. Dungey (1953) showed that such a current sheet can
indeed be formed by the collapse of magnetic field near an X-type neutral point as
described in chapter 1, and he suggested that magnetic field lines can be broken and
rejoined. When the field lines are reconnected, the topology of magnetic configuration
can change and large j x B MHD forces often result.

In Sweet’s original model for magnetic reconnection, he considered what would
happen if two pairs of sunspots approached each other as considered in figure 3.2.
Although this concept has not been exactly verified by observations (as described in
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Figure 3.2. Sweet model for analysis of a reconnection layer. Oppositely directed field
lines merge in the solar flare. Through the reconnection process at the N point, two pri-
vate field lines, labeled 2, become a single public line, and after that line 3 goes through
the same process. This reconnection layer around the N point continues to divide the
same public and private lines and all other private lines go through it. (Although this
model has not been verified by recent solar observations, it provided a basic idea for a
magnetic reconnection layer.) [Modified from Sweet (1958).]

2L

Figure 3.3. Sweet—Parker model for analysis of a reconnection layer. Oppositely
directed field lines merge in the diffusion region of width 26 and length 2L. [From
Yamada et al. (2010).]
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more detail in chapter 7), let us follow his thoughts. Each pair has its own magnetic
dipole field and as these sunspot pairs approach each other, their dipole fields, frozen in
the solar atmosphere, would be crushed together forming a thin layer. He compared this
to the case of a vacuum nonconducting solar atmosphere in which the magnetic field
would simply add vectorially, and the neutral (N) point of intersection would simply
shift from line to line, with the consequence that some lines originally connected to a
single dipole would end up connecting one sunspot to the other. Comparing this to the
highly conducting solar atmosphere case, he showed that the line passing through the
N point would continue to pass through it. Through the reconnection process at the N
point, two private field lines, labeled 2, become a single public line, and after that line
3 goes through the same process. This reconnection layer around the N point continues
to divide the same public and private lines and all other private lines go through it.

Sweet and Parker addressed magnetic reconnection problems in a situation where
solar coronal fields are merging and transforming the reconnection region into a two-
dimensional reconnection boundary layer in which oppositely directed field lines merge
as shown in figure 3.3. In their model, magnetic fields of opposite polarity approach in
the rectangular-shaped reconnection region where the incoming field lines merge, and
newly reconnected field lines emerge and move away. During this process, a diffusion
of magnetic field lines occurs due to resistivity. This two-dimensional MHD model
introduced the important concept that the magnetic reconnection rate can be calculated
quantitatively through a magnetic-field-line transfer between two geometrically sepa-
rated plasma regions, assuming uniformity in the third dimension.

In resistive MHD plasmas, hydromagnetic flows can lead to the formation of a
neutral sheet where the plasma flow is constrained to a finite-size resistive region and
the electric field E is balanced with 7 j. In the rectangular diffusion region shown in
figure 3.3, the resistivity term becomes sufficiently large that a magnetic field line can
diffuse and lose its original identity and reconnect to another field line. In a steady state,
eq. (3.23) can be simplified to

Vi.B=—B. (3.24)
dpo
Using the continuity equations of plasma flows to connect inflow (length L) and outflow
channels (width §),

VinL = Vouid. (3.25)

From the pressure balance between the upstream magnetic pressure (B2/2uo) and
the downstream (mv2/2) regions (B =0), namely Vo, = V4, a very simple formula
is derived for the reconnection speed Viy:

Vin 1

B (3.26)

Va /S
where we repeat that V4 is the Alfvén velocity and S = oL Vy4/n is the Lundquist
number, which is defined as the ratio of the Ohmic diffusion time (= woL*Vy4 /n) to the
crossing time of the Alfvén waves (= L/ V) in the reconnection region.
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In this resistive MHD formulation (Parker, 1957), magnetic fields diffuse and dissi-
pate in the rectangular reconnection region as illustrated in figure 3.3, where the incom-
ing plasma flux is balanced with the outgoing flux, satisfying the continuity equations
for plasma fluid and magnetic flux. The reconnection rate depends on the Lundquist
number S, which is usually extremely large: S can be 10*~10% in laboratory fusion plas-
mas, 10'°-10' in solar flares, and 10'3-10%° in the interstellar medium of the Galaxy.
The Sweet—Parker reconnection rate derived above is thus far too slow to describe the
observed reconnection phenomena. This slowness comes from the (unnatural) assump-
tion that the plasma and magnetic flux have to go through the narrow rectangular neutral
sheet of thickness § = L/ J/S.

One of the first applications of reconnection was made by Dungey (1961), who
showed that the reconnection of solar-wind magnetic lines could account for the entire
gross structure of the magnetosphere as discussed in the introduction. There are two
important questions concerning the Dungey model: Does this reconnection occur? If
it does, how fast does it happen? As solar-wind lines impinge and are compressed in
the magnetosphere they have a choice: to go around it much as water goes around
a boat moving through water, or to reconnect. The fraction that reconnect, and end
up in the earth’s magnetotail, is controlled by the reconnection rate. Assuming this
is the Sweet—Parker rate, approximately 1 in 100,000 lines reconnect (Kulsrud et al.,
2005), as opposed to the measured value of 1 in 10 (Hughes, 1995). The predictions of
Sweet—Parker strikingly disagree with the observations. Actually, observations shows
that 5-10% of the incoming solar-wind field lines reconnect.

3.5.2 Physical interpretation of the Sweet—Parker model

As the lines in the current layer reconnect, they move out of this layer and go to the
exhaust region. As the inflowing field lines steadily pass into the current layer to be
reconnected, plasma mass is also carried into the layer, and as the lines leave the layer,
mass must also be carried out at a velocity whose magnitude is limited. Thus the time
to reconnect the inflowing field lines is of order tg = L/vg & VS (L/vy4). This time
should be compared with the resistive decay time for the region if there were no current
layer, which is L2/ n~ SL/v4, a time longer by /S than the time to reconnect. Since
the Lundquist number is very large in the corona, often larger than 10'2, the reconnec-
tion model leads to a very much shorter time to destroy or rearrange the magnetic field
lines immersed from the surface of the sun.

The physics that leads to such slow reconnection rates in this model is summarized
as follows: First, in the two-dimensional Sweet—Parker model, a very narrow current
layer has to be generated for a large-Lundquist-number plasma because the effective
resistivity is so small. The thinness of the current layer is constrained: by 8§ = L/+/S or
by the necessity for the plasma on the reconnecting lines to be expelled along this thin
rigid current layer. The breaking of the lines occurs over a very narrow region near the
center during a topological change. The reconnected lines inside the layer, although the
field strength is weak, have large curvature so they can unfold themselves by magnetic
tension, as well as the pressure gradient force considered by Sweet and Parker. This
tension force is of the same order as the pressure force, so that the Sweet—Parker model
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still gives the correct order of magnitude for the reconnection rate. This would lead to
the same thickness of the layer along the entire exhaust line as at the central neutral
point.

The Sweet—Parker model is a beautifully simplified concept in which flows of
plasma and magnetic flux go through a two-dimensional uniform reconnection layer
in which magnetic energy is dissipated evenly with a uniform out-of-plane reconnec-
tion current density profile. This model can be realistic when the Lundquist number
S does not exceed unity by a large amount: S < 10*. But it becomes unrealistic when
S is significantly larger than unity; for example, S can be very large in a solar flare.
For S > 10%, the aspect ratio of a rectangular reconnection layer would be over 100.
It is rather difficult to imagine that such a uniform current sheet can be maintained in
a stable form in a realistic three-dimensional environment. It should make the current
sheet unstable, as we will find in chapter 14. This model would also impose an unre-
alistic energy conversion process on the reconnection layer; as an example, most of
the incoming magnetic energy has to be dissipated uniformly in the rectangular-shaped
reconnection layer. In other words, magnetic energy has to be slowly converted to par-
ticle energy without breaking or deforming the current layer. This will be readdressed
from an energetic point of view in later chapters.

There are important factors to modify the above Sweet—Parker picture if it is applied
to reconnection that occurs on the dayside of the magnetosphere:

(1) The thickness of the reconnection layer is generally comparable to the ion gyro-
radius or the skin depth of the plasma and the ions become demagnetized. Thus we
expect quite different motion of ions with respect to the still magnetized electrons,
and we have to take into account two-fluid effects, which will be described in detail
in chapter 5. In addition, due to the significant stagnation of the solar wind at the
magnetopause reconnection point, the two-fluid picture of magnetic reconnection
has to be modified as shown in chapter 9.

(2) The effects of plasma flow should be considered. Although the solar-wind flow is
slowed down by the earth’s bow shock, it is not reduced to zero except at the exact
subsolar point. On either side of this point the solar wind still has a considerable
velocity, and when it reaches the magnetosphere it turns tangent to it. The original
solar wind is traveling at about 10 times the Alfvén speed. When it turns to flow
along the magnetosphere, the velocity is still quite substantial and this flow eases
the burden of acceleration of the flow along the magnetopause. This in turn speeds
up the reconnection rate at the subsolar point and this effect has to be taken into
account to evaluate the rate of the magnetopause reconnection.

3.5.3 Petschek model

Shortly after the Sweet—Parker theory was developed, another model was proposed by
Petschek (1964) to resolve the dilemma of the slow reconnection rate through a narrow
reconnection channel by introducing shocks that open up the reconnection layer to a
wedge shape. The situation was greatly improved by this Petschek model in which
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Figure 3.4. Petschek model. [From Yamada et al. (2010).]

inclusion of slow shocks in the outflow region would greatly speed up the mass flow
and remove a major hurdle for the Sweet—Parker theory, where a large amount of mass
must flow through the very narrow current channel of constant width.

To increase the flow over a wider channel, extra forces are needed. These forces
can be provided by slow shocks (see figure 3.4). In the Petschek model, these shocks
start at the ends of a short Sweet—Parker layer, and fan out with an angle vg/va. As
the external plasma crosses the shocks it is accelerated in the downstream direction up
to the Alfvén speed by the intense currents in the shocks. A simple analysis shows that
the reconnection is then given by a reconnection rate corresponding to the much shorter
length L* of the Sweet—Parker layer, where L* is the distance from the X-point at which
the shocks start. (From now on we refer to Sweet’s N point as the more conventional
X-point.)

In the downstream region, the magnetic field in the channel is essentially a B field
perpendicular to the current layer. The shock speed is that of a slow shock supported by
this transverse B, field and is B /,/uop. This velocity is equal to vg, the transverse
velocity of the incoming flow, so that the shock is stationary. Since the shock takes care
of the downstream flow, the only question that remains is what the distance L* from
the X-point at which the shocks begin is (Kulsrud, 2001).

The reconnection velocity is the Sweet—Parker velocity modified by replacing L by
L* ie.,

L
vR=Va S (3.27)

faster by /L/L* than the Sweet—Parker velocity.

Petschek showed that all the MHD relations were satisfied independent of the
choice for L*, so it appears that L* could be arbitrarily small. Petschek found there
is a limit on the shortness of this length, L* > L(log §)?/S, at which length the current
in the shocks seriously perturbs the upstream flow (Kulsrud, 2001).
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Petschek proposed this as the correct length, leading to

g

Vg (Petschek) =V, .
r (Petschek) A810gS

(3.28)

We note here that this result actually differs by a factor of 2 from the original Petschek
result. There is a minor error in the Petschek paper, a correction for which was pointed
out by Vasyliunas (1975) and Priest and Forbes (2000).

Since log S is of order 10 or 20, the Petschek model predicts a very fast recon-
nection velocity, a finite fraction of the Alfvén velocity. But since in the two main
applications S is very large, of order 10'>~10'“, the length L* must be extremely short,
namely L/S. In most astrophysical and space applications this is a microscopic length.
This extremely short length for the Sweet—Parker layer in the Petschek model was not
commented on at the time his model was proposed.

It was recognized that the Petschek formula involved the magnetic field strength
B; just outside the layer. Because of the perturbations produced by the shock currents,
this could be considerably larger or smaller than the global field strength B,. Petschek
chose his limit on L* qualitatively so that the upstream magnetic field was not seriously
perturbed. The relation between B; and B, in the Petschek model was made quantitative
by Priest and Forbes (1986), who showed that, for various solutions of the external field,
B; could be considerably stronger than B,. For some global flows their theory predicts
that the reconnection rate can reach the Alfvén speed based on the global field B,.

The validity of the Petschek model was not challenged until the Biskamp simulation
which showed that, for constant resistivity, the Sweet—Parker model was the correct
one. In these simulations Biskamp did find shocks but they only emerged at a distance
L* comparable to the global scale L, much larger than would have been predicted by
Petschek. The scaled boundary layer numerical simulation of Uzdensky and Kulsrud
(2000) confirmed these results.

While the Petschek reconnection rate is consistent with the observed fast recon-
nection rates in space and has become very frequently cited, it has not been rigorously
established because it is not compatible with either resistive MHD characteristics or
two-fluid physics mechanisms (Kulsrud, 2001; Yamada et al., 2010). In past decades,
a further analysis of this model has been made, employing a locally enhanced resis-
tivity nefr(r), which is consistent with the notion that a high electron current should
induce an anomalous resistivity due to the waves generated by high electron current
density at the reconnection region (Sato and Hayashi, 1979; Ugai and Tsuda, 1977).
The locally enhanced resistivity would increase dissipation near the X-point, acceler-
ating electron flows toward the X-point. This would generate a wedge-shaped recon-
nection region with “slow shocks” formed near the central high resistivity region, as
shown in figure 3.5 (Uzdensky and Kulsrud, 2000). This configuration is free from the
constraint of the thin reconnection layer of the Sweet—Parker model and allows for a
fast reconnection rate. However, the shock-like structures do not extend all the way to
the system size and are thus not consistent with the original wedge-shaped structure
of Petschek. We also note that there has been no conclusive experimental evidence to
date of shocks observed in association with magnetic reconnection layers in laboratory
plasmas.
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(a) (b)

Figure 3.5. (a) Petschek reconnection model and (b) current profile from a numerical
simulation by Uzdensky and Kulsrud (2000).

Although many other mechanisms have been found to speed up reconnection on the
larger scales found in astrophysics, the simple Petschek mechanism, which produces
fast enough reconnection to agree with observations, has been very popular. However,
the exact physical mechanism of the Petschek model was unclear for a long time. Some
understanding of the shocks emerged in a paper by Ugai and Tsuda (1977). They carried
out a detailed numerical simulation in a two-dimensional model for the current layer
with appropriate boundary conditions. Their reconnection model had a resistivity that
was a specific nonconstant function of space. The resistivity was strongly enhanced in
a sizable region about the central X-point of the current layer where the field was zero.
(The resistivity was larger at the X-point than in the region exterior to the current layer,
by a factor of 100.) Their solution differed from that of Sweet—Parker and indicated
the presence of Petschek-like shocks. These shocks emerged from the position in the
current layer where the resistivity was most rapidly changing.

A similar numerical simulation was carried out by Sato and Hayashi (1979). These
authors allowed the resistivity to be a function of the current density. They triggered the
reconnection by imposing a space-dependent inflow into the current layer of flux lines
and plasma. Because the resistivity depended on the space-dependent current density,
their resistivity was also space dependent as in the Ugai—Tsuda paper. Shocks were
again found to emerge at the place where the resistivity was most rapidly changing.

The relation between the resistive scale and the location of the shocks was explored
over a wide range of resistivity scales by Scholer (1989). He showed that the shocks
always start at the place where the plasma resistivity was most rapidly varying. This is
approximately where the resistivity has decreased by a factor of 2 from its maximum
value at the current layer center.

Biskamp (1986) was the first person to study the Petschek theory by numerical cal-
culation with a constant resistivity. His calculation was carried out on a global scale
with only a small part of his simulation volume occupied by the reconnecting current
layer. (This layer emerged naturally during the simulations.) He made multiple simu-
lations, determining the rate of reconnection in each case. Expressing the theoretical
rates in terms of magnetic field strengths just outside the current layer and using the
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length of the current layer as the global length in the two theories, he found that the
Sweet—Parker formula for the reconnection rate agreed with all of the eight compu-
tational rates. The Petschek formula did not agree with any. He concluded that the
Sweet—Parker model was the correct one. However, he did not emphasize that the resis-
tivity was a constant in space in his calculations. Here it should be noted that numerical
calculations in the 1990s were limited to studies at a relatively low Lundquist number
(S < 10°) because of large numerical noise. With much more powerful modern com-
puters many new findings are being made, and we will discuss magnetic reconnection
in large systems in chapter 14.

The situation for magnetic reconnection at the magnetosphere is clearer than that
of a solar flare because the case for a current layer is more compelling. The solar wind
possesses a magnetic field, and when it encounters the surface of the magnetosphere
one expects that if the solar wind were an ideal plasma, it would be deflected around
the earth leaving a cavity, called the magnetosphere. However, on the surface of the
cavity, the magnetopause, the solar-wind field is not aligned with the earth’s magnetic
dipole field, and there is automatically a narrow current layer separating them.

As discussed in the introduction, the reconnected solar-wind lines in the Dungey
model of the magnetosphere have a part in the solar wind and a part in the magne-
tosphere. One end is dragged along with the solar-wind velocity vg, while the other
end is anchored in the electrons in the earth’s ionosphere. This part of the line will be
dragged through the ionosphere at a much slower rate. Since the ions in the ionosphere
are immobilized by collisions with neutrals, the electron motion produces an electrical
current in the ionosphere that is measured from the ground, enabling one to actually
count the number of reconnected lines flowing across the polar cap of the earth per unit
time. It is found that on average 1 line in 10 of the incoming solar-wind field lines is
reconnected; see Hughes (1995) which suggests a fast reconnection rate. The Sweet—
Parker theory predicts that the fractional number of reconnection lines is (v4/vs)/ VS,
where S =v,L/A. A simple estimate gives a value of about 10~ (Kulsrud, 2005).

3.6 EXPERIMENTAL ANALYSIS OF THE MAGNETIC RECONNECTION
LAYER BASED ON MHD MODELS

Important progress has been made using MHD models in analyzing the reconnection
processes observed in laboratory experiments and in situ measurements by space satel-
lites. Such analyses quantitatively test the validity of the primary MHD models, and
provide insight into non-MHD effects. This section presents recent MHD analyses of
magnetic reconnection layers in laboratory and space plasmas.

3.6.1 Experimental test of the Sweet—Parker model in a laboratory plasma

In controlled driven experiments in the MRX (Magnetic Reconnection Experiment),
the basic physics of magnetic reconnection was quantitatively studied by measuring
the evolution of the measured flux contours of the reconnecting field (Yamada et al.,
1997a,b). Experiments were carried out in the double annular plasma setup in which
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two toroidal plasmas with annular cross-section are formed independently around two
flux cores, as shown in figure 3.6. Each flux core contains poloidal and toroidal field
coils to generate plasma discharges in both the private and common flux regions around
the cores and to create a variety of magnetic-field-line merging situations. After an ini-
tial setup period, poloidal field currents in the two flux cores are decreased to generate
a reconnection layer where common flux lines are pulled back toward the X-point. In
this way, the contours of both poloidal and toroidal magnetic flux are driven toward the
central reconnection region. Typical plasma parameters are n, = (0.1-1) x 10! cm™3,
T, =5-15eV, B=0.2-1kG, and S =500-1,000.

The experiments were carried out first in high-density plasma that satisfies a condi-
tion for collisional plasma: Amf, < ¢/wp;. The “rectangular” profiles of the reconnection
region were verified to be very close to the shape Parker predicted, as seen in figure 3.6
(Yamada et al., 1997a). The reconnection rate was measured by monitoring the time
motion of the poloidal flux contours shown in figure 3.6 as a function of plasma para-
meters and compared with the Sweet—Parker model. When the collision frequency was
high, the classical Sweet—Parker reconnection rate was measured based on the resis-
tivity calculated by Spitzer resistivity (Trintchouk et al., 2003; Kuritsyn et al., 2006).
It should be noted that this rectangular shape is consistent with the uniform influx of
radial inflow with respect to Z in figure 3.6 (Biskamp, 2000). When the collisionality
was reduced by operating the experiment in a low-density condition, the shape of the
reconnection region was observed to change with higher reconnection rates.

3.6.2 MHD analysis of the current sheet with an effective resistivity

To cope with the significant enhancement of the resistivity for the collisionless regime
(Amfp > ¢/wp;), an anomalous resistivity theory was used initially by employing an
ad hoc enhanced value of the resistivity, nefr, in eq. (3.21). It should be noted that
this formulation is sometimes useful in describing the fast reconnection rate by MHD,
although there was no theoretical basis developed at that time for imposing uniformly
enhanced resistivity from turbulence or other mechanisms. A generalized Sweet—Parker
model was developed by employing the measured effective resistivity neff to quantita-
tively explain the reconnection rates observed in MRX (Ji et al., 1998, 1999).

The first question is whether classical MHD theory can quantitatively describe the
reconnection process in highly collisional plasmas in which the one-fluid assumption
holds. A neutral sheet experiment (Syrovatskii, 1971; Frank, 1974) was carried out in a
collisional plasma in which the electron mean free path is much shorter than the plasma
size. A quantitative analysis of the reconnection rate was not made. The reconnection
speeds, inferred from the evolution of the reconnected flux, were reported from colli-
sional experiments on TS-3 (see table 6.1) (Yamada et al., 1991; Ono et al., 1993) with
and without a guide field. The reconnection speed was much faster without a guide field
(see section 6.2.1).

The first quantitative tests of the classical Sweet—Parker model were performed on
MRX (Yamada et al., 1997a; Ji et al., 1998, 1999), where all important quantities were
measured or inferred. Figure 3.7 shows an example of the magnetic profile in MRX at
high collisionality. The prototypical rectangular shape of the diffusion region is seen.
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Figure 3.6. (a) Illustration of reconnection driven by inductive flux core coils in the
MRX apparatus. Internal magnetic probes document the time evolution of the magnetic
profile during reconnection. (b) By programming induction coil currents, two types
of reconnection can be driven near the X-point: push or pull reconnection. (c) Time
evolution of flux contours during a driven pull reconnection in which common field
flux lines (which wrap around both flux cores) are pulled toward the X-point. Sweet—
Parker-type magnetic reconnection is demonstrated through measured flux contours. In
the low-8 plasma outside the neutral sheet, poloidal flux contours represent magnetic

field lines. [From Yamada et al. (1997a,b). https://mrx.pppl.gov/mrxmovies/Collisio
nal.mov]
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Figure 3.7. An example of a magnetic profile measured in MRX. (a) Vector plot of
the poloidal field. (b) Evolution of poloidal flux contours, which represent field lines
(measured in MRX by Ji et al., 1999).

The reconnection speed Vg was determined by Eg/ Bz, where the reconnecting electric
field Eg =—(0W/0dt)/2n R, W is poloidal flux, and Bz is the upstream reconnecting
magnetic field. The measured reconnection rate Vg / V4 did not agree with the predicted
rate of S~!/2 from the classical Sweet—Parker model. The causes of the discrepancies
were found by examining the validity of the assumptions made in each step of the
derivation of the Sweet—Parker model.

Examining the continuity equation revealed effects due to plasma compressibility.
The relation Vg = (§/L) V7 is replaced by

VR=£<VZ+%8—H) (3.29)

when the density within the current sheet increases. This effect accelerates reconnection
during the density buildup phase.

Downstream plasma pressure also plays a role. From the equation of motion, the
outflow is reduced from the usual V; = V4 to

Pdown — Pup
p 9

VZ=Vi(l+x)—2 (3.30)

where « = (2/ B%) fol‘ Br(0Bz/9R)dZ =0.2-0.3 represents the relative importance
of the downstream tension force, which is omitted in the Sweet—Parker model. A higher
downstream pressure (Pdown >> pup) Substantially reduces the outflow to 10-20% of
V4. This reduction indicates the importance of boundary conditions in determining
local reconnection rates.
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Figure 3.8. Effective plasma resistivity normalized to the transverse Spitzer resistivity
as a function of inverse collisionality Amfp /8 for different flux core separations Zy in
no-guide-field cases. [From Kuritsyn et al. (2006).]

Ohm’s law along the current (toroidal) direction was examined. Outside the current
sheet, (V x B)g balances with the reconnecting electric field Ey, but has to be balanced
by other terms within the current sheet. In MHD models, the balancing term is the
resistive term, and thus an effective resistivity can be determined by n* = Ey/jg as
shown by Ji et al. (1998). When the plasma is collisional, i.e., the electron mean free
path is much shorter than the current sheet thickness, the effective resistivity n* agrees
well with the transverse Spitzer resistivity (7.1 = 1.96nparaner; Spitzer, 1962) within

30% error and it varies as Te_3/ 2 (Trintchouk et al., 2003). In the relatively collisionless
regime where the mean free path is much larger than the current sheet thickness, a
significant resistivity enhancement over the classical values was measured, as shown in
figure 3.8.

The Sweet—Parker model was generalized by Ji et al. (1998, 1999) to incorporate
the above three modifications, i.e., plasma compressibility, higher downstream pressure
than upstream, and effective resistivity larger than the Spitzer resistivity,

VR_ 1 (1 8_n>Vz

Va FIVA

= 3.31
Va  JS* 63D

where S* is the Lundquist number calculated from the effective resistivity. Figure 3.9
shows good agreement between the observed reconnection rate and that predicted by
the generalized model. This result shows that the reconnection process can be described
by the Sweet—Parker model, with generalizations, in a stable two-dimensional recon-
nection neutral sheet with axisymmetric geometry. This generalized Sweet—Parker
model applies to cases both with and without a guide field (co-helicity and null-helicity
respectively).
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Figure 3.9. Comparisons between experimentally measured reconnection rates and pre-
dictions by the generalized Sweet—Parker model at MRX. In co-helicity merging, field
lines meet at an angle with a guide field, while in null-helicity merging, field lines meet
in an antiparallel manner. [From Ji et al. (1999).]

3.6.3 Non-antiparallel reconnection: Effects of a guide field

Magnetic reconnection usually occurs when two parts of magnetic field lines meet with
an angle, but not necessarily in an antiparallel manner. We treat this geometry as an
antiparallel reconnection with an additional uniform field. The third vector component
of the magnetic field is called a “guide field” and it plays an important role in the
reconnection process (Kivelson and Russell, 1995). In the dayside reconnection region
of the terrestrial magnetosphere, the southward IMF (interstellar magnetic field ), which
merges antiparallel to the earth’s northward dipole field, reconnects very fast at the
meridian plane. On the other hand, the northward-oriented IMF, which merges near
parallel to the earth field, reconnects much slower.

In MRX the reconnection resistivity was measured both with and without a guide
field (Kuritsyn et al., 2006). In antiparallel reconnection without a guide field, the
transverse Spitzer resistivity was measured. With a sizable guide field the measured
resistivity was a factor of 2 smaller, consistent with parallel Spitzer resistivity. Spitzer
calculated that n =1.961. This was the most conclusive experimental verification of
Spitzer resistivity to the author’s knowledge. Also in the relatively collisionless oper-
ation regime, a significant enhancement over the Spitzer values was measured in both
cases.

Merging experiments showed that magnetic reconnection is influenced by the merg-
ing angle of the field lines (Ono et al., 1993; Yamada et al., 1997a,b; Brown, 1999;
Cothran et al., 2003). To determine the dependence of the reconnection speed on the
merging angles of reconnecting lines, the magnitude of the external guide field was var-
ied in TS-3 and MRX while the reconnecting field was kept roughly constant (Yamada
etal., 1990; Ono et al., 1993; Yamada et al., 1997b,a). When the guide field is near zero
(the reconnecting angle is near 180 degrees), the reconnection speed is maximized. As
the reconnecting angle is reduced with increasing guide field, the reconnection speed
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decreases substantially. In MRX it was observed that the presence of a guide field
broadens the neutral sheet, substantially changing the two-dimensional profile from the
double-Y shape to an O-shape (Yamada et al., 1997b,a). This transition of the neutral
sheet was first recorded by a UCLA group in the electron MHD regime (see chapter 5)
(Gekelman et al., 1982).

Generally, the reconnection rates in guide field reconnection are notably smaller
than no-guide-field cases. In the context of resistive MHD theory, the observed slower
rates are attributed to (1) smaller resistivity for a neutral sheet current parallel to the
guide field, (2) suppression of plasma flow by the guide field, and (3) less compress-
ibility of the plasma due to the presence of a guide field. The first factor could be due
to the current flow along field lines that causes less microturbulence and reduced Hall
effects. The second and third factors can be due to the guide field confining the plasma
locally, increasing downstream pressure and reducing plasma compressibility. More
work has been carried out to assess the physics of guide field effects, particularly in the
two-fluid regime discussed in chapter 5.

An important question raised here is why reconnection occurs so fast in tokamak
sawtooth crash, where the guide field is very strong. This may be due to three-dimen-
sional global MHD instabilities that drive fast magnetic reconnection in a localized
region, as will be described in chapter 9.

3.6.4 Observation of accelerated plasmas in the exhaust of a reconnection
site in space: Consistent with the Petschek model

It was claimed that the recent findings of reconnection exhausts in the solar wind pro-
vide a good test bed to verify the Petschek picture of a neutral sheet in which the
magnetic field is reversed, together with acceleration of ions in the exhaust region

Jet

_ACE R
(236 x,-33y,232) To sun

Cluster
(14%,10y,52)

(9%-321Y,162) et

Figure 3.10. Diagram of the encounters of three satellites with regard to the contem-
plated reconnection X-lines. [From Phan et al. (2006).]
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Figure 3.11. Detections of magnetic reconnection exhaust by the ACE, Cluster-3, and
Wind spacecraft on 2 February 2002. (a), (b) The magnetic field and plasma velocity
in GSE coordinates measured by ACE. (c¢), (d) The magnetic field and velocity mea-
sured by Cluster-3. (e), (f) The magnetic field and velocity measured by Wind. The
x-components of the velocity in (b), (d), (f) have been shifted by +300 km/s. The bold
horizontal bars in (a), (c), (e) indicate the durations of the encounters by the three space-
craft. The magnetic field is rotated 140 degrees across the exhaust. The plasma flow in
the exhaust was enhanced by 50 km/s relative to the ambient solar-wind flow speed.
The velocity components were correlated (anticorrelated) with the components of the
magnetic field at the leading (trailing) edge of the exhaust, as expected from recon-
nection sunward and northward of the spacecraft. It is concluded that all three (widely
separated) spacecraft detected essentially the same current sheet signature. The abrupt
changes in the magnetic field B, at the two edges and a plateau in the B,-profile in
the middle of the current sheet indicate that the current sheet is bifurcated. [From Phan
et al. (2006).]

(Gosling et al., 2005; Phan et al., 2006). Solar-wind reconnection is usually gener-
ated by the interplay of the two solar winds originating from coronal mass ejection.
The magnetic field orientations of the two merging plasmas are well defined. The pres-
ence of accelerated ions in the reconnection X-line has been observed by coordinated
measurements from the three satellites ACE, Cluster, and Wind: see figure 3.10.
Reconnection in the current sheet (shown in blue in figure 3.10) is considered to
occur at the X-line between magnetic field lines with large antiparallel components
Br.1 and By »; the resulting bidirectional plasma jets (confined to the reconnection
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exhausts) are observed far from the X-line. The three spacecraft positions are shown in
units of Rg and in geocentric solar ecliptic (GSE) coordinates with the x-axis pointing
from the earth to the sun, the y-axis pointing toward dusk, and the z-axis parallel to
the ecliptic pole. All three spacecraft were relatively close to the ecliptic plane (in
yellow). ACE was 222 R upstream of Cluster while Wind was 331 Rg “dawnward” of
Cluster. Also shown is the LM N current sheet coordinate system, with N along the
overall current sheet normal, M along the X-line direction, and L along the antiparallel
magnetic field direction. The current sheet is tilted 45 degrees relative to the sun—earth
line. The thick solid red line is the hypothesized (390Rg) portion of the X-line whose
effect is observed by the three spacecraft. The solid orange lines denote the spacecraft
trajectory relative to the solar wind, with the red line portion marking the intersection
of the exhaust with the spacecraft.

All three satellites detected typical signatures, which would support the Petschek
model, in the profiles of magnetic field and ion velocity vectors as seen in the passage of
the same bifurcated current sheet; see figure 3.11. Although a direct measurement of a
shock structure in the reconnecting region (near an X-line) was not made, the presence
of strong current sheets was suggested so that the data were consistent with the Petschek
MHD model (Petschek, 1964) in which plasma acceleration is generated by the tension
force of the reconnecting field at the exhaust. This implies that the X-line extended
at least 390Rg (or 4 x 10* ion inertial lengths). If reconnection were patchy, one or
more spacecraft would most probably not have encountered accelerated flow. Another
fact that is consistent with a coherent and extended X-line is that the reconnection jets
detected by all three spacecraft were directed in the same direction, implying that the
X-line was north of all spacecraft. Patchy and random reconnection could result in
different spacecraft detecting jets directed in different directions.

Most of the observations mentioned in this section have been analyzed in the con-
text of MHD, but it is quite obvious that two-fluid physics analysis is needed to accu-
rately describe the results since the sizes of current sheets and the reconnection regions,
for the cases observed, were comparable to the ion skin depth or the ion gyroradii. In
the next section, we focus our discussions on two-fluid physics.



Chapter Four

Kinetic description of the reconnection layer:
One-dimensional Harris equilibrium and

an experimental study

As presented in chapter 3, magnetic reconnection was first described primarily by MHD
(magnetohydrodynamic) theory, which was developed in the early stages of plasma
research, treating the plasma as a single fluid (Parker and Krook, 1956; Parker, 1957;
Sweet, 1958). The MHD framework is based on the assumption that electrons and
ions move together as a single fluid, even in the presence of internal currents. When
a conductive plasma is described by MHD, it has a large Lundquist number and is
approximated well by ideal MHD theory. However, it was realized that the MHD mod-
els had to be modified to analyze magnetic reconnection, since the MHD condition
does not hold in a thin reconnection layer. The reconnection rate calculated by the
Sweet—Parker model, based on resistive MHD theory, is too slow to explain the recon-
nection rate observed in both space and laboratory plasmas. Reconnection layers in
the magnetopause (Vasyliunas, 1975; Dungey, 1995; Kivelson and Russell, 1995) have
thicknesses that are comparable to the ion skin depth ¢/w,; (~50km). This situation
leads to strong two-fluid effects. To describe this type of reconnection layer properly, a
more general theory than MHD is necessary, taking into account the different behaviors
of electrons and ions. Precise measurements of the neutral sheet profile would provide
important clues to help understand the physical mechanisms of reconnection. To find
the fundamental picture we examine the dynamics of such thin reconnection layers to
learn about the fundamental physics of two-fluid dynamics. Here we start with a simple
one-dimensional analysis.

4.1 ONE-DIMENSIONAL HARRIS FORMULATION AND SOLUTIONS

We have learned that in the collisionless reconnection layer in the magnetosphere, ions
become less magnetized while electrons are fully magnetized, and the relative drift
velocity between electrons and ions can be large. In this two-fluid regime, non-MHD
phenomena, including induced local electric fields and wave phenomena, are likely to
be generated. So the history of magnetic reconnection research has been about how we
describe this two-fluid physics in the reconnection layer.
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In the neutral sheet in a steady-state equilibrium, the plasma thermal pressure should
be in a force balance with the outer magnetic pressure of the opposing reconnecting
magnetic fields. This assumption was used in the Sweet—Parker model for MHD. The
question is, for a plasma system, can we find such a solution in which the motion of
electrons is decoupled from that of ions? Harris (1962) found analytical one-dimen-
sional solutions for a steady-state equilibrium for the magnetic field, plasma pressure,
and current density profiles of a current sheet by solving the Vlasov and Maxwell equa-
tions with three important assumptions: (1) the presence of no electric field, (2) elec-
trons and ions drifting in opposite directions at the diamagnetic speed, and (3) equal
and spatially uniform electron and ion temperatures. The Harris solution is a unique,
elegant description of a neutral sheet in a highly conductive plasma and, therefore, is
referenced very often; researchers carrying out numerical simulations frequently set
their initial conditions to Harris equilibrium. In the early days, numerical simulations
and space observations yielded favorable comparisons with the Harris sheet, showing
that the sheet thickness is roughly equal to the ion skin depth. Two decades ago, the
Harris sheet was investigated experimentally in a laboratory plasma (Yamada et al.,
2000) in which the profile of the reconnecting magnetic field was precisely measured,
in a steady state, to allow a detailed study of the one-dimensional current sheet pro-
file as a function of the relevant plasma parameters. This is the subject of this chapter.
Here, let us first study the kinetic mechanisms in the reconnection layer in a simple
one-dimensional analysis.

4.2 THEORY OF THE GENERALIZED HARRIS SHEET

How do we treat plasma in kinetic theory? If we know the position and velocity of
each particle composing a plasma, of electrons and ions, then we should be able to
completely describe the plasma, assuming that we have an enormously powerful super-
computer, for example using the Klimontovich equations. Since this approach is very
difficult, we often describe plasma dynamics by employing a statistical formulation
using distribution functions for ions and electrons (and sometimes with additional dif-
ferent species) in six-dimensional phase space f, ;(r, v, t), namely

afei afei
—+v. =
at ar

afe,i
ov

+ L E+vxB)- Yo, @.1)
m

For a steady-state condition, a collisionless current sheet can be analyzed using the
steady-state Vlasov—Maxwell system of equations,

Ofe.i Ofe.i
v-&—i—i(E—i—va)-&:O, 4.2)
ar m ov
V x E=0, 4.3)

V~E:£(/ﬁdv—/fedv), (4.4)
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VxB=euo</vﬁdv—/vfedv>, 4.5)

V-B=0, (4.6)

where E is the electric field, B the magnetic field, v the particle velocity, and f, (f;)
the electron (ion) distribution function. Also, g, and ¢; are electron and ion charges
(ge = —qi). Here we neglect the displacement current in the Maxwell equations. In gen-
eral, the equations are nonlinear and can only be solved numerically. However, Harris
(1962) found a one-dimensional steady-state analytical solution with certain assump-
tions. Let us rederive the Harris solution, relaxing a few of his original assumptions.

Assuming that magnetic field is in the z-direction and a function of x, all solutions
of eq. (4.2) must be functions of the constants of the motion, i.e., the total energy W =
mv? /2 £ e¢ and the canonical momentum in the y- and z-directions, py, =mvy £ eA,
and p, = mv, respectively. Here, ¢ is the electrostatic potential and the vector potential
A (V x A= B) is assumed to have only a y-component A,. Consider the distribution
function

m >3/2 exp{_m(vf + (vy — V)2 +02) LeVA, —9)

fei :n0<2nT 2T T

}, 4.7

where the constant 7 =T, (T;) is the electron (ion) temperature (spatially constant)
and V=1V, (V;) is the electron (ion) drift (flow) speed in the y-direction. Because
the argument of the exponential can be written as (=W + p,V — mV?2/2)/T, Sei 18
a function of the constants of the motion and therefore a solution of eq. (4.2). Harris
realized that this shifted Maxwellian is the most natural solution.

Here, let us expand the Harris solution by relaxing the original Harris assump-
tions of T,=1; and V; =—V, to derive a general Harris solution. First, we again
use a coordinate system where the magnetic field is in the z-direction, varying with
respect to x. In our one-dimensional model, all variables are assumed to vary only in
x, except for T;, T,, V;, and V, which are all assumed to be constant. The y-direction
is the direction of the neutral sheet current. The system of equations can be simpli-
fied significantly by assuming that E has only an x-component Ey = —d¢/dx. And
since Ay is assumed to be the only nonzero component of A, the magnetic field B has
only a z-component B, =9 A, /dx. It should be noted that £y, =0 and the collisionless
assumptions mean that there is no dissipation and hence no reconnection considered in
this model.

Substitution of eq. (4.7) into egs. (4.4) and (4.5) yields two coupled nonlinear dif-
ferential equations for ¢ and A,:

a%¢ __emo {exp (M) —exp (M)}, 4.8)

a2 e T; T,

%A, ViA, — —e(V,A, —
8x2) = —enouo{ Vi exp (e(T—)(b)) — V. exp <w> } 4.9
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By using normalized variables ¢AS =e¢/T,andx =x/(c/wpi) (Where w,; = Vnoe?/eom;
is the ion plasma frequency), eq. (4.8) is converted to the dimensionless form

s e e e

where the left-hand side is of order unity but (¢/wp; /A p)? is of order 10° (Ap is the
Debye length). Therefore, quasi-neutrality {exp(%) —exp( %f:r@)} ~0

must be satisfied, leading to an ambipolar potential

_LVitTive

. 4.11
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Interestingly, ¢ is proportional to A,. Substituting eq. (4.11) into eq. (4.9) gives a
nonlinear equation in only Ay,
2
0°A,
dx2

e(V; — Ve)AV).

4.12
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= —enouo(Vi — Ve) exp (

By employing a similar analytical scheme and elaboration to those used by Harris, this
equation can be solved analytically using appropriate boundary conditions.
Now we have derived our “generalized” Harris solutions,

Ay =—58Bglogcosh (%) (4.13)
B, = — By tanh (;ﬁ) (4.14)
Jy= % sech? (), (4.15)
x:%&)tanh (%) (4.16)
p=no(T, +T)) sechz(;—‘), 4.17)

where Bg /(2uo) =no(T, + T;). The current sheet thickness & is given by

s— ¢ V2T AT/ mi _ c V2V
Wpi Vi—Ve wpi Varife

(4.18)

where Vs =./(T, + T;)/m; and Vg, = V; — V, is the relative drift between ions and
electrons. It should be noted that the above solution is more general than the original
Harris solution, which is limited to Ey = ¢ =0. The original Harris solution can be
recovered by setting T, =7; =T and V; = -V, =V in eq. (4.18) to yield § = (c¢/wp;)

WT/mi/V).
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Since the Harris solution is only one of many that might be obtained by choos-
ing f as a function of the constants of the motion (albeit the one most easily solved
analytically), one might ask why the experiment “selects” the Harris profile. A possi-
ble explanation might be the following. In this experiment, the reconnection proceeds
much slower than the Alfvén transit time in which a force balance between the magnetic
field pressure and plasma thermal pressure is maintained. Thus reconnection dynam-
ics can come into a play in the slower timescale. Besides, in this collisional layer the
ion crossing time of the layer, which is in the range of the ion cyclotron time since
the thickness of the layer is approximately one ion gyroradius, and the ion—ion col-
lision time are shorter than the time the plasma takes to flow through the layer. As
a result, the ions should be regarded as being in an equilibrium state, neglecting the
reconnection velocity V.. Furthermore, as confirmed by experiment, they are isother-
mal across the layer, satisfying the full Vlasov—Fokker—Planck equation. We also note
that wave phenomena are observed in the less collisional regime and they can also
play a similar role to relax the states of ions and electrons in relaxed equilibrium
states.

Now, the Harris solution satisfies the Vlasov equation as discussed above. However,
it is a shifted Maxwellian solution, eq. (4.7), which makes the ion—-ion Fokker—Planck
term vanish, and it is probably the only solution of the Vlasov equation which does
this. As a result, the ion current is proportional to an exponential in Ay, the first term
in eq. (4.9).

The “Harris sheet” solution is a simple analytical equilibrium solution for a plasma
confined between oppositely directed magnetic fields. The convenient analytical expres-
sions for the B;-, jy-, and p-profiles and the sheet thickness § lend themselves to direct
comparisons with both computer simulations and experiments. However, it is impor-
tant to keep in mind the limitations and assumptions of the Harris model, including
the fact that it is one-dimensional and does not include the effects of reconnection and
associated electric fields. And it is necessary to find out how reconnection and two-
dimensional effects modify the Harris equilibrium. The Harris model was generalized
further by Mahajan (1989) to include time dependence, cylindrical geometry, and vari-
ous density and velocity profiles.

4.3 EXPERIMENTAL INVESTIGATION OF THE HARRIS SHEET

The Harris theory was experimentally checked and assessed for its application and
validity in the MRX (Magnetic Reconnection Experiment) device (Yamada et al., 2000;
Ji et al., 2001). As the MRX experimental setup is presented in chapters 2 and 3, we
can generate a prototypical reconnection layer in both collisional and collisionless plas-
mas and can systematically study its characteristics. The hyperbolic tangent shape of
a reconnecting magnetic field was observed in the collisional neutral sheets on MRX
where the electron mean free path is shorter than the reconnection layer: Amfp < Ljp
(see figure 3.7). Also, based on the two-dimensional profiles observed in the MRX
reconnection layer, it would be appropriate to the validate Harris sheet theory when a
steady-state force balance appears to hold in the plasma along the inflow (x-) direction.
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Figure 4.1. Typical time evolution of measured magnetic field profiles and current den-
sity profiles during driven magnetic reconnection in MRX. Time evolution of 1D pro-
files of measured magnetic field (top row) measured by internal magnetic probes and
deduced current density (bottom row) along the inflow (R-) direction. In this graph, the
R-coordinate was chosen in MRX for the inflow (x-) direction used for our theoretical
analysis. The errors in magnetic measurements are typically less than 5%. Note that B,
and j, are proportional to tanh(x/§) and sech?(x /8) respectively. [From Yamada et al.
(2000).]

Figure 4.1 shows a measurement and its fit to the form

By (x) = — By tanh (x_a—x‘))+b1x+b2. (4.19)

The factors by and b, are determined by the background quadrupole and equilibrium
fields. The latter is an applied equilibrium field necessary to keep the plasma in a desir-
able position. The factor b does not appear in jg because it is canceled by dBy/0Z
of the background quadrupole field. In Harris equilibrium, the static force balance
J X B = jyB; =V p should be maintained between the incoming magnetic field and the
plasma pressure during the quasi-steady-state phase of reconnection, since the inflow
speed is much slower than the Alfvén speed. The measured magnetic field profiles agree
well with the prediction by a generalized Harris theory for nonequal temperatures and
drift speeds of ions and electrons (Yamada et al., 2000).

One interesting experimental observation is that the measured reconnecting mag-
netic field has a shape close to the hyperbolic tangent, despite the many simplifications
used to derive this functional shape. The local Maxwellian shape of the distribution
function is justified by collisions between like particles, while uniform temperatures
can be justified by rapid heat transport (Yamada et al., 2000). It was shown (Ji et al.,
2001) that the field profile is insensitive to the normalized drift velocities of charged
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particles by investigating a nonlinear equation derived from the force balance 0 B/dx =
-V - Bz)/ﬁ, where x and B are normalized by c/wp; and «/2uono (1, + 1;) respec-
tively, and V =V, /V,;. When T, + T; is a constant, the magnetic profile is

xy
B.=Botanh( [ —=dx). 4.20
omn (/0 2 x) (420

As long as V is a reasonably smooth function of x, the magnetic profile will be
close to the hyperbolic tangent shape (Ji et al., 2001).

4.3.1 Main summaries of MRX results on the Harris sheet

The original Harris theory did not take into account magnetic reconnection: the very
good fit of MRX magnetic data to the Harris profile, as well as the agreement between
measured and predicted §, is very remarkable since the MRX plasma is undergoing
reconnection. However, based on the discussions in section 4.2 regarding the effects
of particle collisions and possibly wave turbulence, the excellent agreement indicates
that the Harris profile is the most natural one for a quasi-steady-state reconnecting
plasma sheet where collisions keep the plasma in Maxwellian distributions in the veloc-
ity space. Phenomenologically, since dissipation is related to an effective resistivity
through Ohm’s law along the current sheet, 1j, = Ey — V, B, one expects that static
equilibrium in the x-direction (R in MRX) can be maintained during the reconnection
process provided V, « V4, which is satisfied in MRX (V. / V4 <0.1).

The precise determination of the magnetic field profile in MRX has enabled a
detailed study of the neutral sheet thickness § as a function of other relevant param-
eters. It is found that § ~0.35¢/wp;. In antiparallel reconnection cases in MRX, the
ion gyroradius p; is of order ¢/w);. This indicates the importance of pressure balance
(between p and Bg /21t0) and ion gyromotion in determining the structure of the recon-
nection region. This result is in rough agreement with numerical simulations (Biskamp,
1986; Horiuchi and Sato, 1994; Uzdensky and Kulsrud, 1998; Shay et al., 1998) and
observations in the geotail and the magnetopause (Kivelson and Russell, 1995). How-
ever, in collisionless reconnection, a new two-dimensional structure appears near the
X-point of the reconnection layer and this simplified one-dimensional force balance
does not hold anymore with the presence of an in-plane electric field. The detailed fea-
tures of the neutral sheet profile provide a good indicator for the nature of magnetic
reconnection and we will visit this issue in a later chapter.

Figure 4.2 shows the measured thickness of the current sheet with respect to the ion
skin depth and theoretically derived Harris sheet thicknesses. An important finding in
laboratory neutral sheets is that the measured § scales with the ion skin depth (Yamada
et al., 2000). These results were consistent with other experimental data (Ono et al.,
1997; Kornack et al., 1998) where § was measured to be of order the ion gyroradius, as
well as the ion skin depth. If we assume that the pressure balance should hold between
magnetic field pressure and the plasma’s kinetic pressure, the ion skin depth becomes
roughly equal to the average ion gyroradius. A careful comparison of MRX data with
the theoretical values expressed by eq. (4.18) regarding the sheet thickness as shown
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Figure 4.2. (a) Measured neutral sheet thickness § versus ion skin depth ¢/wp;. (b) §
versus theoretical Harris value given by eq. (4.18). [From Yamada et al. (2000).]

in figure 4.2(b) shows that the relative drift velocity of electrons against ions is (or is
limited to) 4-5 times the ion sound speed, or Vyifi ~4-5Vs. This implies that there
must be some mechanisms for limiting the relative velocity to this value, which could
be a consequence of waves or micro-instabilities induced by the strong relative velocity
of electron drift against ions. While they do not appear to affect the force balance of
the system as mentioned above, they can accelerate the reconnection rate in the layer.
Generally, it is expected that the lower hybrid drift waves are excited by a strong drift
velocity of electrons against ions. While the major effects of this micro-instability have
not been assessed, we expect that they could exist in the MRX reconnection layer (Ji
et al., 2004; Yamada et al., 2010).

Neutral sheets or reconnection layers are observed in magnetospheric plasmas both
in the magnetopause and magnetotail sides. The reconnecting magnetic field profile
measured by the Polar satellite matches well with the hyperbolic tangent form (Mozer
etal., 2002; Bale et al., 2002) but generally deviates quite a lot from the smooth function
described here. The reason for this difference appears to be a lack of collisions in the
space plasma, which makes a shifted Maxwellian distribution.

In the magnetotail, thin current sheets were observed by the IMP spacecraft (Fair-
field et al., 1981), which provided information on the pitch angle distribution func-
tion of protons. Detailed observations were made by two ISEE spacecraft (McComas
etal., 1986; Sergeev et al., 1993), and further observations were reported by the Cluster
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spacecraft, which detected for the first time the substructures within the current sheets.
Current sheets in a bifurcated state were observed (Runov et al., 2003), sometimes
accompanied by flapping motions (Sergeev et al., 2003). These fine structures and fast
dynamics could be causes and/or consequences of magnetic reconnection activity in
the magnetospheric tail.

44 ADDITIONAL COMMENTS AND DISCUSSION

The neutral sheet profile during magnetic reconnection was experimentally studied to
identify the basics of two-fluid dynamics of the magnetic reconnection layer. In the rel-
atively collisional condition A ~0.35¢/w);, the measured magnetic field profile is seen
to agree remarkably well with the Harris sheet profile even though Harris theory does
not take into account reconnection and associated dissipation. These results imply that
one can include the effects of quasi-steady-state reconnection within the basic formu-
lation of the Harris equilibrium sheet. Because the Harris shifted Maxwellian velocity
distribution function satisfies the full Fokker—Planck equation (leaving out the small
electron—ion collision term), it appears also to be the natural state for a reconnecting
plasma. In a collisionless reconnection layer there is the possibility that the electron
drift velocity becomes very large near the X-point, breaking one of the one-dimensional
Harris conditions. The measured neutral sheet thickness & is seen to scale with the ion
skin depth c¢/wp; according to § ~0.35¢/wp; over a wide range of discharge condi-
tions in collisionality. However, the deviation from a simple one-dimensional Harris
sheet profile became apparent as the collisionality was reduced. Also, we note here that
shot-to-shot errors become large in the lower-density regime, or large c/wp; . In the next
chapter, we will discuss the feature of reconnection layers in the collisionless regime
in which the uniform one-dimensional Harris sheet disappears.

In a collisional plasma it is found that a static force balance is maintained between
incoming magnetic field and the neutral sheet plasma pressure during the quasi-steady-
state phase of reconnection. An important implication here is that a uniform two-
dimensional reconnection neutral sheet in the collisional regime with axisymmetric
geometry is consistent with both the Sweet—Parker and the Harris models with genera-
lizations. Resistivity enhancement is observed during reconnection in the collision-
less regime. Experimental measurements of the neutral sheet thickness § agree well
with a generalized Harris theory for a nonisothermal plasma (7, # T;). The relation-
ship § ~0.4c/wp; ~ p;i suggests that, as mentioned before, a current-driven instability
might be excited to limit the current or enhanced resistivity. Among the possible waves,
lower hybrid waves are likely candidates since both electrons and ions are involved to
excite them and to generate an enhanced momentum transport between them.

In this solution of the Harris model, the ion current is expressed as a diamagnetic
current proportional to 7;(dn/dx)/nB for constant 7;. But if ions are not well mag-
netized, this component should be small. Thus the Harris condition is not always sup-
ported. If the electron temperature is also constant, then its current is proportional to
T.(0n/0x)/nB and thus also proportional to an exponential in A,. Hence, under the
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assumption of constant 7, and constant 7; in the layer, as measured in MRX, one could
expect that the magnetic field profile is approximated by the Harris profile.

We note that it can be argued that the electron distribution is not necessarily a
shifted Maxwellian (or even a solution of the Vlasov equation) since frictional electron—
ion collisions would distort such a shifted Maxwellian. However, we assume that, with a
moderate collision frequency in the plasma condition used there, this distortion is small
and should not modify the electron current from being proportional to the exponential
in Ay. Therefore, we can use the Harris solution, i.e., egs. (4.8) and (4.9) hold. At the
same time, the electron—ion collision integral gives rise to the resistivity term 7j,. If
the resistivity is anomalous, the remarks above still apply with the resistivity replaced
by the anomalous resistivity.



Chapter Five

Development of two-fluid theory for reconnection

coordinated with key observations

As we learned in chapter 4, one can formulate a one-dimensional analytical description
of the reconnection layer using the Harris formulation. But it is not straightforward to
extend it to a two-dimensional theory to describe the exact features of the reconnection
layer. In this chapter, we study first the recent development of numerical simulations of
the reconnection layer, compare the results with experimental findings and discoveries,
and then study an analytical theory of the reconnection layer.

It has been difficult to develop a two-dimensional analytical theory for a reconnec-
tion layer in the two-fluid regime. In the past three decades, significant progress has
been made to describe the reconnection layer by effectively utilizing numerical simula-
tions. In addition, thanks to the progress in plasma diagnostics in the past two decades,
simulation results can be cross-examined by the detailed magnetic field structure of the
reconnection layers measured in laboratory plasmas, as well as in space plasmas. Exten-
sive data have been accumulated in highly conductive plasmas with large Lundquist
numbers, which is the ratio of the magnetic diffusion time to the Alfvén transit time,
as already defined in chapter 3. The Lundquist numbers of laboratory plasmas are in
the range of 10°~107, while the number exceeds 10'? in the magnetosphere. When the
collisionality is reduced, waves (particularly microturbulence) can be excited due to
the different motion of electrons compared to ions. Given the recent progress toward
understanding reconnection in collisionless plasmas, this chapter addresses key issues
for collisionless reconnection, providing a comprehensive view of two-fluid reconnec-
tion dynamics in a collisionless reconnection layer.

5.1 RECONNECTION IN THE MAGNETOSPHERE AND
TWO-FLUID DYNAMICS

Magnetic reconnection plays a central role in the interaction between the magnetic field
of the solar wind and the earth’s dipole field (see figure 1.4). While they often happen
impulsively, magnetic reconnection events in the magnetosphere create geomagnetic
substorms, which are one important type of magnetic self-organization phenomenon.
The magnetospheric plasma is basically collision-free, with the mean free path of both
ions and electrons being much larger than the size of the magnetosphere, and thus
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is governed by typical collisionless two-fluid dynamics. Many satellite missions have
been launched to investigate the features of magnetic reconnection in the earth’s mag-
netosphere (Mozer et al., 2002; @ieroset et al., 2002; Cattell et al., 2005). Satellite
observations show that the thickness of the current sheath is of order the ion skin depth,
which is almost equal to the ion gyroradius in this type of high-8 (8 ~ 1) plasma. The
ion skin depth (¢/w);) is typically 50-100 km in the magnetopause while it is larger by
an order of magnitude, 500—1,000 km, in the magnetotail. In this situation, the recon-
nection dynamics cannot be described by the conventional MHD (magnetohydrody-
namic) theory of reconnection. This is because ions and electrons behave differently
in the reconnection region, requiring two-fluid or kinetic physics. Generally, electrons
are magnetized in the current layer except in the electron diffusion layer of a few kilo-
meters in width, while ions are not magnetized in the layer. MHD models that rely on
the assumption that electrons and ions move together as a single fluid cannot correctly
describe phenomena in the magnetosphere.

The different motion of magnetized electrons compared to demagnetized ions leads
to strong two-fluid effects, especially the Hall effect in the neutral sheet. The Hall
effect, in which an electric field appears due to the motion of magnetized electrons
against nonmagnetized ions, becomes dominant in semiconductors as well as magne-
tized plasmas (Yamada et al., 2010). This Hall effect, which was not included in the
standard MHD model, is considered here to facilitate a large reconnection electric field
in the reconnection region and is thus considered to be responsible for speeding up the
rate of reconnection over the Sweet—Parker rate.

5.2 RELATIONSHIP BETWEEN THE TWO-FLUID
FORMULATION AND MHD

Here, let us discuss the dynamics of electron and ion fluids with respect to electromag-
netic fields. We consider two individual fluid equations for electrons and ions, which
are moving with fluid velocities of V, and V; respectively. We assume that charge neu-
trality holds with the electron and ion densities being equal (n, =n;), since we treat
phenomena significantly larger than the Debye length (Spitzer, 1962). Here we denote
the electron and ion masses by m, and m; respectively. MHD treats the plasma as a
single fluid, with mass density p written as

p=nim; +neme,=n,(m; +mey) ~ nem;. 5.1)
Mass flow density is

_ (nim;V; +nem,V,) - m; Vi +m,V,) ~Vi+ ﬂVe (5.2)
P (m; +m,) m;

| 4

and the current density is

J=emiVi—nVe)~ene(Vi—Ve). (5.3)
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These equations are transformed to expressions for the average flow velocity of ions
and electrons, V; and V,:

me J

Vizvy e (5.4)
m; en,

v,=v--_ (5.5)
en,

The single-fluid MHD basic equations can be obtained by taking combinations of
the equations for ions and electrons. The continuity equations for electrons and ions are

Bn,;e
ot

+V. (ni,evi,e):()« (5.6)

These equations can be multiplied by electron and ion masses m; and m, respectively,
and added together to produce a “mass continuity equation” for an MHD fluid:

ap
—+V.-(pV)=0. 5.7
at

The individual continuity equations can be used (by subtracting one from the other) to

generate “‘charge continuity equation,”

— 4+V.j=0, 5.8
o J (5.8)
where o is the charge density.
In a similar way, the two individual momentum balance equations or “equations of
motion” for electrons and ions are written as

dv,

nemed—;z—ene(E—i—Ve xB)—V-P,+ R,;, (5.9)
dv;

nimigzeni(E+Vi x B)—V-P;+ Rje, (5.10)

where P, and P; are the electron and ion pressure tensors. The generalized form of
Ohm’s law is also equivalent to the equation of motion for electrons. The terms R,; and
R;, describe collisional momentum transfer between the two species with the property
R, =—R;.. When we add these two equations together, we obtain a “single fluid”
equation of motion for MHD through cancellation of charges between electrons and
ions:

dv
p-=0E+jxB-V-P. (5.11)

where we have used j =ne(V; —V,),V=V;,and P =P, + P;.
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This is equivalent to the MHD equation of motion shown in chapter 2. Here we
neglect a gravity force. We note that in MHD the pressure tensor becomes isotropic
since we expect frequent collisions between plasma particles.

5.3 DEVELOPMENT OF PARTICLE-IN-CELL SIMULATIONS

Thanks to the enormous advancement of computer technology and speed, a new method
of calculation has been developed for the past half century to describe plasma dynam-
ics kinetically. In this section, let us look into the recent development of particle-in-
cell simulations to describe the kinetic behavior of plasma particles in a collisionless
plasma. There are a number of approaches for modeling the kinetic properties of plasma
particles. For specific plasma species as described in chapter 4, kinetic phenomena are
usually described by the Vlasov equation, for example by a simple one-dimensional
analysis. The electric and magnetic fields are determined by Maxwell’s equations. The
Vlasov equation represents a partial differential equation in a six-dimensional phase
space plus time.

The usual approach to kinetic modeling is to represent the distribution function
f; by a number of macroparticles and to compute the particle orbits in self-consistent
electric and magnetic fields. The early models (Dawson, 1962) treated the particles as
discrete points and computed the electric force acting on each particle by explicitly
summing the Coulomb interaction with each of the other N — 1 particles. The number
of operations then scales as N(N — 1)/2. This large number of particle interactions
gives a very restrictive limitation on the number of particles that can be employed.
The solution that was developed and has now become standard is to introduce a spatial
grid on which the particles’ charge and current densities are accumulated using an
interpolation scheme. The field equations are then solved on this grid, and the forces
acting on the particles are obtained by interpolating back to the particles. This is the
“particle-in-cell” (PIC) simulation technique. This procedure eliminates fluctuations at
scales smaller than the grid spacing and also reduces the number of operations per time
step to N log N.

Good introductory guides to such models are given by Winske and Omidi (1993)
and Pritchett (2003). Since the earlier work by Dawson (1962) and Birdsall and Lang-
don (1985), this PIC simulation has been used effectively. The basic idea is quite sim-
ple. In a collisionless plasma, particles interact only through electric and magnetic
fields, so the point character of particles can be ignored by considering spatial scales
that exceed the minimum wavelength of the collective modes. Fields and their sources,
charge and current densities, are discretized on a grid mesh size §x. Since a PIC sim-
ulation particle represents many plasma particles as a group, it is sometimes called a
macroparticle simulation.

In the plasma research community, systems of different species (electrons, ions,
neutrals, molecules, dust particles, etc.) can be investigated. The set of equations asso-
ciated with PIC codes is therefore composed of the Lorentz force as the equation of
motion, solved in the so-called pusher or particle mover of the code, and Maxwell’s
equations determining the electric and magnetic fields, calculated in the (field) solver.
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The real systems studied are often extremely large in terms of the numbers of parti-
cles they contain. In order to make simulations efficient, or at all possible, so-called
superparticles are used. A superparticle (or macroparticle) is a computational particle
that represents many real particles; it may be millions of electrons or ions in the case
of a plasma simulation or, for instance, a vortex element in a fluid simulation. It is
allowed to rescale the number of particles because the Lorentz force depends only on
the charge-to-mass ratio, so a superparticle will follow the same trajectory as a real
particle would. The number of real particles corresponding to a superparticle must be
chosen such that sufficient statistics can be collected on the particle motion.

With the understanding that more than MHD theory is needed to describe the
dynamics of the magnetosphere, an instructive comparison of self-consistent kinetics
with MHD simulations was made by Chapman and Mouikis (1996). In their compar-
ative study, two simulations were performed, starting from the same initial conditions
and employing the same time step: one had a grid spacing equal to one-tenth of the
ion gyroradius (called the “hybrid” case) and the other had a grid spacing equal to
twice the ion gyroradius (the “MHD” case). The results showed that the evolution of
the electromagnetic fields and ion pressure tensor were markedly different in the two
cases, demonstrating the importance of kinetic plasma effects in determining the struc-
ture of electromagnetic fields and particle distribution functions.

In this monograph we describe the recent PIC simulation results, without getting
into their methods, to discuss a number of key issues that bear on the two-fluid or
kinetic physics mechanisms of the reconnection layer.

5.4 RESULTS FROM TWO-DIMENSIONAL NUMERICAL
SIMULATIONS FOR COLLISIONLESS RECONNECTION

In recent decades, numerous two-dimensional numerical simulations (Mandt et al.,
1994; Ma and Bhattacharjee, 1996; Biskamp et al., 1997; Horiuchi and Sato, 1999;
Birn et al., 2001) of the collisionless reconnection layer have demonstrated the impor-
tance of the Hall term (j, x B) based on two-fluid or kinetic codes. In the general-
ized Ohm equation, it allows a steady (laminar) cross-field current of electrons, which
contributes to a large apparent resistivity and generates fast reconnection. Extensive
numerical work has been done by Shay and Drake (1998), Shay et al. (1998), Pritchett
(2001), Horiuchi and Sato (1999), Daughton et al. (2006), and by many others, with
periodic and/or open boundary conditions. In particular, under a collaboration entitled
“The Geospace Environmental Modeling (GEM) Magnetic Reconnection Challenge,” a
concerted effort was made to determine the physical mechanisms and rates of two-fluid
reconnection (Birn et al., 2001) and to apply them to the earth’s magnetosphere. For
this purpose, antiparallel (without a guide field) reconnection was extensively studied
in collisionless plasmas.

A common picture has emerged from numerical calculations, which utilized bench-
marking studies of reconnection. Figure 5.1 shows a schematic diagram of the field
structure and the dynamics of ion and electron flows in a typical reconnection layer
(Drake and Shay, 2007), together with results from the PIC simulation of Pritchett
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Figure 5.1. (Top) Schematic diagram of the neutral sheet [from Drake and Shay (2007)].
(Bottom) Patterns of ion and electron flows in the neutral sheet [from Pritchett (2001)].
Scale sizes in (x, Z) are in unit of (¢/wp;).



2-FLUID KINETIC THEORIES AND OBSERVATIONS 71

4F —— Full particle
3 o Hybrld

t — — Hall MHD

| —-— MHD

Reconnected flux

Figure 5.2. Reconnected magnetic flux versus time for four different codes for GEM
projects MHD, Hall MHD, hybrid, and full particle codes. The rate of reconnection is
the slope of the rising reconnected flux. All models but the MHD model show indis-
tinguishable rates of reconnection and are significantly faster than the MHD model
(Sweet—Parker model). [From Birn et al. (2001).]

(2001). As seen in figure 5.1(b), ions become demagnetized as they enter the neutral
sheet, turn by 90 degrees in the reconnection plane x—z of their coordinate system, and
then flow outward to the exit direction. In contrast, the magnetized electrons mainly
flow inward toward the X-point, together with the magnetic field lines. However, near
the separatrices, the electrons flow parallel to B field lines toward the X-point. As the
electrons’ E x B motion makes them migrate toward the X-point, the magnetic field
weakens. The electron drift (Ey/By) due to the reconnection electric field Ej becomes
larger near the X-point and electrons are ejected to the exit in the reconnection plane.
The electron flow patterns generate net circular currents in the reconnection plane
shown in figure 5.1 (top) and create an out-of-plane magnetic field with a quadrupole
profile, a clear signature of the Hall effect. Similar results were obtained by a simpler
two-fluid MHD code that did not describe the exact particle dynamics of electrons and
ions (Breslau and Jardin, 2003). The increased electric field derived from the strong
Hall term (j x B/en), producing a steady laminar cross-field current of electrons, rep-
resents a fast motion of flux lines (E = —d W /dt) in the reconnection plane, a fast rate
of magnetic reconnection.

A question is how the reconnection rate depends on the dissipation mechanism.
An important conclusion of the GEM Challenge (Birn et al., 2001) is that the recon-
nection speed does not depend on the dissipation mechanism, and it is much larger
than the resistive MHD reconnection rate. In figure 5.2, the reconnected flux is shown
as a function of time for different simulations using an MHD code, a Hall MHD
code (including the j x B and V- P terms in Ohm’s law), a hybrid code (massless
electrons and particle ions), and a PIC code. While these data have a similar rate of
reconnection during transition phases, all runs were carried out with the same Har-
ris equilibrium with finite initial perturbations. The rate of reconnection is described
by the slope of the rising reconnected flux. As seen in figure 5.2, all models but the
MHD model show indistinguishable rates of reconnection and are significantly faster
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than that of the MHD model (Sweet—Parker model). However, there remains a major
question concerning how the energy conversion occurs near the X-point or the electron
diffusion region since Hall effects do not generate any energy dissipation of the mag-
netic field. This problem will be discussed again more comprehensively, together with
the mechanisms of energy conversion from magnetic field to plasma particles, in
chapter 10.

Since the mechanism for breaking field lines in various models differs (electron
inertia in PIC and hyper-resistivity in the hybrid models), their results support the
idea that the reconnection rate is insensitive to the dissipation mechanism. It can be
argued (Drake and Shay, 2007) that because of the dispersion relationship of whistler
waves, w/ k « k, the total outflow flux of electrons from the dissipation region, n,v,$§,
is constant, since vy & w/k «ck and § &~ 1/k. It was then concluded that the reconnec-
tion rate is primarily determined by the Hall term, and is insensitive to the dissipation
mechanisms. It is considered that the dissipation of magnetic energy in their simula-
tions occurs only in the vicinity of the X-point, within a distance of a few electron
skin depths. There still remains the question of whether the GEM Challenge properly
addressed the general problem of reconnection, particularly the dissipation mechanism
that causes field-line breaking and the conversion of magnetic energy to plasma energy.
Further efforts have been made using PIC numerical codes to investigate the effects of
boundary conditions (periodic versus open; Daughton et al., 2006). We will also revisit
this problem in chapter 10.

A group of PIC numerical calculations have been carried out to assess the Hall
effect in the presence of collisions or resistivity. Ma and Bhattacharjee (1996) reported
that the neutral sheet profile changes from a double-Y shape to an X shape with impul-
sive reconnection features as two-fluid effects were turned on with a constant resistivity.
When the resistivity was set to be uniform in space and sufficiently large, the familiar
rectangular-shaped Sweet—Parker layer was obtained; see figure 5.3. When the resistiv-
ity is reduced, characteristic features of the two-fluid dynamics appear with the double-
wedge-shaped neutral sheet (figure 5.3). This result is in good agreement with recent
observation in MRX (Magnetic Reconnection Experiment), as described later in this
chapter.

Impulsive reconnection was observed (Cassak et al., 2005) when the Hall effect was
turned on, on top of slow resistive reconnection. For a given set of plasma parameters
they observed two stable reconnection solutions: a slow (Sweet—Parker) solution and
a fast Hall reconnection solution. Below a certain critical resistivity, the slow solution
disappears and fast reconnection occurs suddenly and dominates.

As mentioned before, the GEM Challenge program (Birn et al., 2001) found that
reconnection proceeds much faster than resistive MHD reconnection, and the recon-
nection rate is determined primarily by the Hall term, not by dissipation. Some argued
that this results in a separation of the dissipation region of line breaking from the global
region. The dissipation region is shorter than the global length and so the problem of
transporting plasma a long distance, faced by the Sweet—Parker and Petschek models,
is eased. Figure 5.4 shows that there are long separatrices attached to the dissipation
region, much as pictured in Petschek model.
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Figure 5.3. Comparison of numerical simulation with resistive MHD (left) and Hall
MHD (right) codes in which the electron pressure gradient is included. Without a guide
field, the measured profile of the MRX neutral sheet is in remarkable agreement with
these results of numerical simulations. [From Ma and Bhattacharjee (1996).]

Figure 5.4. Out-of-plane electron current from a hybrid simulation. [From Shay et al.
(2001).]

This argument is borne out by the simulations of Daughton et al. (2006), who
greatly extended the simulation box and allowed open boundary conditions. They found
that the reconnection rate first followed that of the periodic box simulations, but later
slowed down as the plasma reached the installed wall. This simulation was applied to
the MRX experiment, and it demonstrated that back pressure from a wall at the exhaust
region slows down reconnection flows.

While the GEM simulations work well to describe a local reconnection layer in the
magnetosphere, where the change of topology is the prime reason for reconnection,
they are not well adapted for solar reconnection problems where the conversion of a
large amount of magnetic energy is the main concern.
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5.4.1 Analytical description of the two-fluid dynamics for the
reconnection layer with the Hall field

In the MHD equations it is assumed that electrons and ions move together in a one-fluid
approximation, thus the electron and ion velocities are equal, so that we need to keep
only one of their velocities, usually the velocity of the heavier ions. This approxima-
tion is allowed if the scale size of spatial variations is much larger than the ion skin
depth d; =c/wpi, where wp; =+/noe*/eom; is the ion plasma frequency. If the cur-
rent density j is constant over a current layer thickness 8, the magnetic field change is
expressed by

AB =~ uyjs. (5.12)

Thus the thickness of the current layer is directly related to the change of reconnection
magnetic field. Using the relationship expressed by eq. (4.18), we can write

_L\/Z(Te'FTi)/mi _d\/zvs

) = .
Wpi Ve—=V; " Vit

(5.13)

When the relative drift velocity V, — V; is less than /2T /m;, the ion sound velocity, 8
is larger than the ion skin depth, and MHD conditions can be satisfied for Vg = V4 /+/S.
But if the ion and electron velocities were to differ by more than the ion sound speed,
non-MHD phenomena could easily be invoked, as discussed in chapter 4.

In many space and astrophysics cases, the calculated thickness of the Sweet—Parker
layer ésp is less than the ion skin depth §;. Hence, there is no guarantee that the two
velocities are close, or that Sweet—Parker theory is applicable. The ions and electrons
can move independently of each other, and the reconnection physics in the layer will
differ from that given by the Sweet—Parker model, allowing the layer thickness to be
the thicker ion skin depth. For example, the ions could flow in the thicker layer, while
the electrons flow in a thinner layer. The ion mass flow can be larger than the flow in the
Sweet—Parker layer, while the thinner electron layer can allow the lines to break fast
enough to accommodate this faster downstream mass flow. We only need the continuity
equation in the more general Sweet—Parker model, while the undetermined thinness of
the electron layer is determined by Ohm’s law. The resulting reconnection velocity
under this simplified model is

di
~2y,. 5.14
VRN T Va (5.14)

which is faster than the corresponding Sweet—Parker reconnection velocity (ésp/L) V4.

The mathematical difference between one-fluid and two-fluid theories appears in
the different Ohm’s laws. The one-fluid Ohm’s law, eq. (3.21), differs from the two-fluid
Ohm’s law,

JjxB 1 mdV,

E+V xB-— +—V.P,+—
ne e dt

=nJ, (5.15)
ne
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where P, is the electron pressure tensor and n, =n. This equation is called the gen-
eralized Ohm’s law. Often, the last three terms of the left-hand side are moved to the
right-hand side. Equation (5.15) is correct even for one fluid MHD, and is reduced to
the ordinary Ohm’s law by setting V, = V; = V and neglecting the electron inertia and
the pressure tensor terms.

The generalized form of Ohm’s law is also equivalent to the equation of motion for
electrons as described in eq. (5.9),

av,
dt

nm =—-V.-P,—ne(E+V,xB), (5.16)

because j =ne(V; —V,)and V =1V;.

It is necessary to apply two-fluid dynamics to magnetic reconnection when the
Sweet—Parker layer is thinner than the ion skin depth §;. The ratio of the Sweet—Parker
layer thickness to the ion skin depth is ~0.2./L/A, where A is the mean free path and
L is the global length of the current layer (Yamada et al., 2006). The two-fluid regime
is closely related to the collisionless regime. The Hall effect becomes stronger when
the mean free path is longer than only a fraction of the global length L.

The two-fluid effect is brought out by the example of a two-dimensional reconnec-
tion problem in the x—z reconnection plane, where the reconnection field is along the
z-direction. If the initial By is zero (no guide field), there can be no By field because of
a symmetry in MHD theory that can separate the out-of-plane, y-component from the
x-, z-components. In two-fluid theory this symmetry is broken by the j x B Hall term
and an out-of-plane B, component is produced. This was noticed by Sonnerup (1979)
in an early discussion of two-fluid theory applied to magnetic reconnection. The same
B, field was found by Terasawa (1983) in two-fluid investigations of the tearing mode.

A physical interpretation of the origin of an out-of-plane field was given by Mandt
et al. (1994), who ascribed it to the out-of-plane motion of electrons which by flux
freezing “pull” reconnecting magnetic field lines into the y-direction. This interpreta-
tion needs some clarification. Inspection of eq. (5.15) shows that, in the absence of the
pressure term, electrons are indeed frozen in the electron fluid. When the Hall effects
bend the field lines toward the y-direction, the electrons are also accelerated in the
y-direction. As the field strength weakens as they approach X-line regions, the elec-
trons pull the field lines further to the y-direction, breaking field lines in this very high
B region. As the field lines reconnect and move away to the exhaust, the electrons are
pushed out to the y- and z-directions with them.

A second interpretation is that the out-of-plane field would arise from the motion of
the electrons in the reconnection plane and from Ampere’s law. This picture is closer
to the equations that Sonnerup and Terasawa used to show the B, field’s existence.
This second interpretation is elaborated by Uzdensky and Kulsrud (2006) as described
below (see figure 5.5).

If the magnetic field is purely in the reconnection (poloidal) plane with no exter-
nally applied By guide field, the ion gyration radius is comparable with the current layer
thickness §, and the ions are essentially unmagnetized. The electron gyration radius is
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Figure 5.5. The basic idea of out-of-plane field generation. [From Uzdensky and
Kulsrud (2006).]

much smaller, so that the electrons are tied to the lines everywhere except in the elec-
tron diffusion region where the magnetic field is very small near x =0.

As the reconnection proceeds, the magnetic field lines move into the reconnection
current layer, with the electrons tied to them. Their transverse E x B velocity brings
them into the region where the ions are unmagnetized and the ion density is unaffected
by the reconnection processes. The electron and ion motions are not entirely decou-
pled because, by charge neutrality, their densities must be almost equal to avoid large
poloidal electric fields. This quasi-neutrality condition cannot be accomplished by the
transverse electron velocities alone. The electrons must develop velocities parallel to
the lines of force and these velocities are strongly constrained by charge neutrality.

In figure 5.5(b), the volume per flux of the field-line tubes increases strongly as
the lines approach the separatrix with most of the volume concentrated near the mid-
plane z =0. Without the parallel electron flow, the density near the midplane would
drop because the E x B/B? flow diverges, so there must be a parallel electron current
that produces the out-of-plane (toroidal) magnetic field. (The ion current is assumed
small.) The figure shows that this out-of-plane field has a quadrupole character revers-
ing across the axes. Downstream from the separatrix the electrons flow away from the
x = 0 plane because the flux tubes contract as they move, so the parallel electron current
reverses sign.

The electrons are also accelerated to the y-direction along the magnetic field lines
bent toward the y-direction due to Hall effects. Consequently, the toroidal inertial force
becomes comparable to the out-of-plane reconnection electric field force in Ohm’s law.
In this situation the electrons are no longer tied to the magnetic lines, or they can slip
off the lines where their electron magnetization fails. This leads to a detachment of field
lines, which move faster than the electrons in the reconnection plane, and the resulting
breakups of field lines.

If we assume the ion density is constant throughout the current layer, then the elec-
tron behavior can be treated quantitatively based on the principle of charge neutrality.
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Based on this assumption, Uzdensky and Kulsrud (2006) estimated semi-quantitatively
the thickness of the region.

5.5 PROFILE AND CHARACTERISTICS OF THE TWO-FLUID
RECONNECTION LAYER

As explained earlier in this chapter, electrons and ions move quite differently in a
collisionless magnetic reconnection layer. Differential motion between the strongly
magnetized electrons and the unmagnetized ions generates strong Hall currents in the
reconnection plane as shown in figure 5.1. As magnetic reconnection is induced with
oppositely directed field lines being driven toward the X-point (B =0 at the center of
the layer), ions and electrons also flow into the reconnection layer. The ions become
demagnetized at a distance of the ion skin depth (d; =c/w);, where w,; is the ion
plasma frequency) from the X-point, where they enter the so-called ion diffusion region,
and they change their trajectories and are diverted into the reconnection exhaust as
seen figure 5.6. The electrons, on the other hand, remain magnetized throughout the
ion diffusion region and continue to flow toward the X-point. They become demag-
netized only when they reach the much narrower electron diffusion region, as seen in
figure 5.6. In this two-fluid model, the expanding exhaust region becomes triangular
in shape and the outgoing magnetic flux through this region is expected to be sizable,
while the incoming magnetic energy is converted much faster to particle energy in this
X-shaped reconnection layer.

In the two-fluid formulation, Ohm’s law of MHD should be replaced by the gener-
alized Ohm’s law in order to describe the force balance of an electron flow, namely

e _Ter’e (5.17)

en, en, e dt
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Figure 5.6. Schematic diagram of two-fluid dynamics in the reconnection layer. Elec-
trons and ions move quite differently, generating an out-of-plane quadrupole field
(shown on the diagonal separatrix lines). Flows of electrons (dark broken lines) and
ions (gray lines) in the reconnection plane, together with reconnecting field-line com-
ponents projected in the reconnection plane, are shown. [From Yamada et al. (2015).]



78 CHAPTER 5

Here, conventional notation is used, with E being the electric field, B the reconnect-
ing magnetic field, V, the electron flow velocity, j the current density, n, the elec-
tron density, P, the spatially dependent electron pressure tensor, and V., 4+ V; =V. A
large out-of-plane electric field derived from the Hall currents at the reconnection layer
(JHan X B) causes an increase in the reconnection rate by inducing rapid movement of
the reconnecting field lines,

|Ve X Brec| X Erec, (5.18)

where B is the reconnecting magnetic field and Er. is the reconnection electric field.
This explains why the reconnection rate in collisionless plasmas can be much larger
than the classical Sweet—Parker rate. Also, quite different flow patterns of ions and
electrons create circular currents that should generate an out-of-plane quadrupole mag-
netic field, which we call the Hall magnetic field. This “Hall effect” is a very important
signature of two-fluid physics.

In the generalized Ohm’s law of eq. (5.17), the first term on the right-hand side is
negligible in collisionless reconnection, and the second term represents the Hall term.
As mentioned before, eq. (5.17) can be reduced to the ordinary Ohm’s law by setting
V. =V; =V, and by neglecting the electron inertia and pressure tensor terms. Most of
the region shown in figure 5.6, where ions are demagnetized, is called the “ion diffusion
region” with E + V; x B #0. The motion of magnetized electrons is still described
by E + V., x B =0, until they are near the X-point, where electrons are demagnetized.
This central region near the X-point is called the “electron diffusion region.” The inertia
term and pressure tensor term become large in the electron diffusion region. Generally
in eq. (5.17), all vectors should include fluctuation components and 1 = 19 denotes the
classical Spitzer resistivity based on Coulomb collisions.

5.5.1 Flux freezing by electron fluid

If we describe an equation of motion for electrons in a quasi-steady-state reconnection
layer without collisions, neglecting an electron inertial term (fast electron displacement
current ~ 0), we obtain

v.P,

en,

E+V,xB=— (5.19)

Since the electron pressure tensor term becomes very small outside the electron diffu-
sion region, we acquire

E+V,xB=0. (5.20)
Using an analogous argument to chapter 3, we can conclude that eq. (5.20) indicates

that electrons are frozen to magnetic field lines in the reconnection layer, except inside
the electron diffusion region. As described by the flux freezing principle shown for
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ideal MHD plasmas (section 3.3), we can now say that the flux freezing principle
works well for magnetized electrons in the reconnection layer or inside the ion dif-
fusion region. One can also say that electrons do not feel any force from the moving
frame of V.. Near the center of the ion diffusion region, electrons primarily flow in the
out-of-plane direction perpendicular to B, and we expect a sizable electric field toward
the X-point. This situation would generate a strong potential well around the electron
diffusion region with respect to the inflow direction (x). This prediction was verified
experimentally in MRX (Yoo et al., 2013), as well as in the magnetosphere by the MMS
(Magnetospheric Multiscale Satellite) (Burch et al., 2016b). This will be described in
more detail in chapter 10.

5.6 EXPERIMENTAL OBSERVATIONS OF TWO-FLUID EFFECTS
IN THE RECONNECTION LAYER

In the past two decades, a number of laboratory experiments have provided important
data contributing to the understanding of the local two-fluid physics of reconnection.
Since the 1970s, the profile of the reconnection layer has been studied in many labo-
ratory plasmas, by generating it in a controlled manner (Stenzel and Gekelman, 1981;
Ono et al., 1993; Yamada et al., 1997a, 2000). In driven reconnection in MRX, profiles
of the reconnection layer were extensively investigated by changing plasma parameters
such as density and temperature (Yamada et al., 2006; Yamada, 2007). In this section,
we study important observations from some of the dedicated laboratory studies that
have lead to improved understanding of two-fluid physics in the reconnection layer.
Recent major observations from space satellites are also described. The observations
are compared with the numerical simulation results mentioned earlier.

5.6.1 Experimental study of dynamics of the two-fluid reconnection layer

In the MRX laboratory experiment, a well-defined reconnection layer is generated in
a controlled manner in the two-fluid regime, and the dynamics of the reconnection
layer are studied extensively, including features of both the electron diffusion layer and
the ion diffusion layer. Figure 5.7 shows a schematic of the MRX apparatus, together
with the measured flow of electrons and ions in the reconnection layer, wherein two
oppositely directed field lines merge and reconnect.

It should be noted that this formation of a current sheet is similar to the situation in
figure 1.3. Each flux core (the darkened section in figure 5.7(a)) contains both toroidal
field (TF) and poloidal field (PF) coils. By pulsing both PF and TF coil currents in
a controlled manner, a prototypical reconnection layer is generated and the study of
particle dynamics and a detailed energy inventory were carried out (Yamada et al.,
2014, 2015). For standard conditions of n, = 2-6 x 10'> cm™3, T, =5-15eV, B=0.1-
0.3kG, S~ 500, the electrons are well magnetized (gyroradius < L) while the ions are
not. The mean free path for electron—ion Coulomb collisions is in the range 5-20 cm
(> the layer thickness) and, as a result, the reconnection dynamics are dominated by
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Figure 5.7. See Color Plate 2. (a) MRX apparatus and reconnection drive. (b) Mea-
sured flow vectors (the length represents velocity) of electrons (red arrows) and ions
(blue arrows) in the full reconnection plane, together with poloidal flux contours as
thin blue lines (which represent reconnecting field-line components projected in the
reconnection plane) and out-of-plane field contours. A 1cm vector length stands for
2 x 106 cm/s, color contours represent out-of-plane field strength, and broken green
lines depict (experimentally identified) separatrix lines. Toroidal symmetry is assumed.
(c) Conjectured 3D view of magnetic field lines moving together with plasma flows.
(d) 3D depiction of measured magnetic field lines together with electron fluid flow
vectors. [From Yamada et al. (2015). https://mrx.pppl.gov/mrxmovies/Hall.mov]

two-fluid and kinetic physics (Yamada, 2007; Yamada et al., 2010). We employ a geom-
etry (R, Y, Z), where Bz is the reconnecting field component and Y is the symmetric,
out-of-plane axis. Local flow vectors for electrons and ions are measured in the recon-
nection layer, and completely different flow patterns of ions and electrons are found, as
expected. The two-fluid plasma dynamics are described by the generalized Ohm’s law,
which is derived by multiplying the velocity vector by the Vlasov equation for elec-
trons. When we discuss collisionless reconnection in the two-fluid (or kinetic) physics
formulation, the definition of the diffusion region becomes quite different from that of
MHD. In a prototypical two-dimensional two-fluid reconnection layer, there are two
separate diffusion regions for electrons and ions respectively. Actually, the electron
diffusion region resides (near the X-point) inside the broader ion diffusion region as
described in figure 5.6.
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Figure 5.8. See Color Plate 2. (a) The magnetic field profiles of the reconnection region
for deuterium plasmas. The arrows depict the measured magnetic field vectors in the
R-Z plane. The size of the arrows is normalized to the maximum magnetic field
strength 300 G. The color-coded contour plot shows the out-of-plane magnetic field
strength Br. (b) 3D profiles of reconnection magnetic field lines measured in MRX;
Br is also in color-coded contours similar to (a) in the projected back screen. [From
Yamada et al. (2006). https://mrx.pppl.gov/mrxmovies/Hall.mov]

5.6.2 Measurements of Hall magnetic fields in laboratory experiments

A comprehensive quantitative study of Hall effects has been carried out in MRX by
comparing the results of a two-fluid simulation for the MRX geometry with experi-
mental results (Ren et al., 2005; Yamada et al., 2006). Aided by the numerical work,
a deeper understanding of two-fluid reconnection dynamics has been obtained. The
results from this study are shown in figure 5.8. Using the three components of the mag-
netic field vectors measured by a two-dimensional probe array, precise and conclusive
measurements of Hall effects in the neutral sheets were carried out in MRX. Figure
5.8(a) shows contours of the measured out-of-plane quadrupole magnetic field in the
diffusion region during magnetic reconnection, together with vectors of the reconnect-
ing magnetic field in the R—Z plane. The spatial resolution is 4 cm in the Z-direction
and is improved to 1 cm in the R-direction by scanning the probe radially and averaging
several shots at each position. The quadrupole configuration of the out-of-plane mag-
netic field B can be clearly seen. The measured amplitude of this quadrupole magnetic
field is of order 30-50 G compared with 100-120 G for the reconnecting field strength.

During reconnection, the reconnecting field lines move into the neutral sheet (recon-
nection layer) of width comparable to the ion skin depth. As they approach the X-point,
ions become demagnetized. The ion flows gradually change direction by 90 degrees,
from the R- to the Z-direction in the reconnection R—Z plane (blue lines; in figure 5.7
(b).). It is shown that magnetized electrons flow quite differently (red vectors in 5.7 (b)),
still following magnetic field lines until they approach the X-point or separatrix surfaces.

The MRX data in figure 5.9(a) show that as electrons flow through the separatrix
regions of the reconnection sheet, they are first accelerated toward the X-point. After
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Figure 5.9. (a) The electron drift velocity arrows in a half-reconnection-plane of
MRX, deduced from the measured out-of-plane magnetic field components by
Vi=V x B/en, and V; =V, —V; with Mach probe measurement of V;. Separatri-
ces are inferred by broken black lines in a hydrogen plasma, fill pressure = 2 mTorr. (b)
Simulation results, where in-plane electron flows are shown by arrows, flux lines by
solid lines, and separatrices by broken lines, from the numerical simulation by Breslau
and Jardin (2003). [Figure is adapted from Ren (2007), Yamada (2011).]

making a sharp turn at the separator lines, they then flow outward in the Z-direction.
When one compares the corresponding flow patterns from the experimental data and
from the numerical simulation, one finds excellent agreement and that the data illus-
trate the essence of the Hall effects. The vectors of electron flow in the MRX data
illustrate that, after the initial acceleration, electrons are further accelerated as they pass
through the narrow channel section around the central separatrix. The initial acceler-
ation may be due to a larger E x B (~ E,/B;) velocity as the reconnection magnetic
field diminishes near the origin (B, ~0) with uniform reconnection electric field E,.
To date, these MRX data provide the most quantitative data for Hall currents in a real
plasma.

The measured electron flow pattern generates a circular net current pattern in the
reconnection plane and thus creates an out-of-plane magnetic field with a quadrupole
profile. A two-dimensional profile of the out-of-plane quadrupole magnetic field was
measured in MRX by scanning the 90-channel probe array. Figure 5.8(a) shows the
color contours of this out-of plane quadrupole field in the diffusion region during col-
lisionless reconnection, together with vectors of the reconnection magnetic field in the
reconnection R—Z plane. This has been regarded as a hallmark of the Hall effect (Shay
etal., 2001; Birn et al., 2001). This process can be interpreted as a mechanism by which
the electrons, which are flowing in the neutral sheet current, tend to pull magnetic field
lines toward the ‘y’-direction of the electron sheet current. The spatial resolution of
this figure is 4 cm in the Z-direction (grid size) and 1cm in the R-direction, which
is obtained by radially scanning the probe array and averaging several discharges at
each position. The amount of Hall magnetic field is consistent with results from the
numerical simulation (Ren et al., 2005; Yamada et al., 2006).
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Figure 5.10. See Color Plate 3. Comparison of the experimentally measured recon-
nection layer profile for two cases. (a) Collisional regime (Amfp < Ssheath) and (b)
nearly collisionless regime (Amfp > Isheath). The in-plane magnetic field is shown by
black arrows and the out-of-plane field component by the color codes ranging from
—50G to 50 G. Dashed pink lines show that the magnetic configuration changes from
a rectangular-shaped current sheet (Sweet—Parker type in (a)) to a double-wedge shape
(Petschek-like) as collisionality is reduced. The predicted quadrupole structure of the
out-of-plane magnetic component, a signature of Hall effects, is observed in (b). [From
Yamada et al. (2006).]

It should be noted, however, that the Hall term alone does not create the energy dis-
sipation necessary for conversion of magnetic energy to particle kinetic energy. Instead,
it is considered that the electron pressure tensor term in eq. (5.17) and fluctuations can
generate energy dissipation particularly at the X-point. As the reconnection proceeds,
the lines of force move into the reconnection current layer, with electrons tied to them.
When the electrons reach the X-point region, they become demagnetized and diffuse
off the field lines, causing the lines to break. Then the diffused electrons are accelerated
away from the X-point in both the z- and y-directions, taking energy with them. It has
been observed that these electron flows fluctuate on a longer timescale, causing impul-
sive and turbulent reconnection (Ren et al., 2008). More detailed discussion of electron
motions is presented in Yamada et al. (2010). Also, the laminar flows of electrons are
analytically described in the calculation for the Hall effects of Uzdensky and Kulsrud
(2006), as mentioned earlier.

5.6.3 Profile of reconnection layer changes drastically with collision rates

It is observed that the two-dimensional profile of the neutral sheet changes significantly
from a rectangular shape in the collisional regime (Amfp < dsheath) t0 a double-wedge
shape in the collision-free regime (Ayfp > Ssheath)-

Simultaneously, the reconnection rate is seen to increase as the collisionality is
reduced. Figure 5.10 shows how the profile of the MRX neutral sheet depicted by the
measured magnetic field vectors and flux contours changes with respect to the colli-
sionality condition. In the high plasma density case, where the mean free path is much
shorter than the sheet thickness, the rectangular-shaped profile of the Sweet—Parker
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model, of the type in figure 3.3, is identified and the classical reconnection rate is
measured. In the case of low plasma density, where the electron mean free path is
longer than the sheet thickness, an X-shaped profile appears as shown in figure 5.10(b)
and the Hall MHD effects become dominant, as indicated by the notable out-of-plane
quadrupole field depicted by the color code. There is no recognizable out-of-plane Hall
field in the collisional case of figure 5.10(a), where the weak dipole toroidal fields pro-
file is only a remnant of the field created by initial poloidal discharges around the two
flux cores. The X-shaped profile of Petschek type, seen in (b), differs significantly from
that of the Sweet—Parker model, seen in (a), and a fast reconnection rate is measured
in this low collisionality regime. This result is an experimental verification of how col-
lisionality changes the shape of the reconnection layer, simultaneously affecting the
reconnection rate. A slow shock, which is a key signature of the Petschek model, is
not identified in this regime. This observation is consistent with the numerical results
mentioned earlier, which included both two-fluid effects and resistivity (Ma and Bhat-
tacharjee, 1996; Bhattacharjee et al., 2001). Without a guide field, the measured profile
of the MRX neutral sheet exhibits remarkable agreement with their numerical simula-
tion results.

While it is difficult to directly measure the two-dimensional spatial profiles of the
reconnection region in the magnetosphere, because of the limited number of measuring
locations by satellites, the same out-of-reconnection-plane field pattern was measured
by Mozer et al. (2002). In the solar atmosphere, two-dimensional neutral-sheet-like
patterns have sometimes been recognized through soft-X-ray satellite images of solar
flares, but their exact magnetic profiles are unknown. It appears that a reconnection
process is underway throughout this area, based on the sequence of high-energy elec-
tron flux hitting the footpoints at the photosphere. In order to describe the observed
reconnection rate (Yokoyama et al., 2001) by the Sweet—Parker model, and to explain
the apparent fast flux transfer, the plasma resistivity or energy dissipation has to be
anomalously large throughout a wide region.

5.6.4 Measurements of Hall effects in the reconnection layer
of the magnetopause

The two-fluid dynamics of reconnection, which are illustrated in figure 5.1, predict
the presence of strong Hall effects due to the decoupling of electron flow from ion
flow. In a collisionless neutral sheet such as seen in the magnetosphere, this situation
is equivalent to magnetized electrons pulling magnetic field lines in the direction of the
electron current and thus generating an out-of-plane quadrupole field.

In the magnetosphere, the two-fluid physics of magnetic field reconnection was
recently analyzed in terms of the ion diffusion region of scale size ¢/wp; ~100km in
the subsolar magnetopause (Mozer et al., 2002).

A symbolic hyperbolic-tangent in-plane field and a sinusoidal out-of-plane
Hall magnetic field were observed near the separatrices of the current sheet. Signa-
tures of Hall MHD and the ion diffusion region (the lightly tinted region in figure 5.11
(top)) were seen in the y-component of the magnetic field (into and out of the pa-
per), in the x-component of the electric field (red horizontal arrows), and in the
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Figure 5.11. Conjectured flight path of the Polar satellite in the modeled diffusion
region (top) and data collected on 1 April 2001 (bottom). Panel (a) shows the plasma
density; panels (b)—(e) give, respectively, the magnitude and three components of the
measured magnetic field at a rate of 8 samples/s. Panels (f)—(h) give the three compo-
nents of the electric field in a frame fixed to the magnetopause. The electric field data

rate was 40 samples/s. Note that the time axis can be translated to a space axis. [From
Mozer et al. (2002).]
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disagreement between the measured perpendicular ion flow and MHD-based E x B/B>.
The detailed data are shown in figure 5.11 (bottom). The amplitude of the Hall field B,
was 45nT, or ~0.55B,(, where By is the asymptotic magnetic field in the magne-
tosheath.

The maximum normal electric field E, was ~30mV/mor ~0.5V4 x Byg, whichis
consistent with recent numerical simulations that demonstrated a large negative poten-
tial well around the X-point. The ion diffusion region had a width of about 6 magne-
tosheath ion skin depths (or ~ 3 magnetospheric ion skin depths) at the location of the
spacecraft crossing. At about the same time as their report, evidence of the Hall effect
was reported through the detection of a quadrupole By field after analyzing the data
from Geotail skimming in January 1997 along the dayside magnetopause (Deng and
Matsumoto, 2001). Another report of the out-of-plane quadrupole field was made from
data from the Wind satellite, which traveled in the reconnection sheet of the magnetotail
(Dieroset et al., 2001). More recently, when a satellite flew through the ion diffusion
region a reconnection electric field was carefully studied to deduce the reconnection
speed (Mozer and Retino, 2007).

5.6.4.1 An episode on observations of Hall effects in the magnetopause

Mozer et al. (2002) observed that the quadrupole Hall field such as seen here was rather
rare. Indeed, they found that a prototypical Hall field such as shown in figure 5.11 was
seen only once in over 100 passages of the satellite through the reconnection area.
Mozer wondered why this was the case, and continuously studied the cases of magne-
topause reconnection, concluding that it should not necessarily generate a prototypical
quadrupole Hall magnetic field in the out-of-plane direction because of the presence
of a strong asymmetry in the inflowing plasma density. In the magnetopause, the stag-
nated plasma density of the solar winds at the magnetosheath is generally 10-20 times
larger than that of the magnetosphere and, because of a strong diamagnetic current, the
quadrupole Hall magnetic field is changed to a dipole shape. The data shown in fig-
ure 5.11 are a case for a smaller asymmetry. This continuous pursuit by Mozer lead to
another important discovery and progress on asymmetric reconnection, which will be
described in chapter 10 (section 10.7).

5.7 OBSERVATION OF A TWO-SCALE RECONNECTION LAYER WITH
IDENTIFICATION OF THE ELECTRON DIFFUSION LAYER IN A
LABORATORY PLASMA

An important result from a recent comparative study of the reconnection layer between
experiments and two-dimensional numerical simulations is a verification of a two-scale
diffusion layer, in which an electron diffusion layer resides inside the ion diffusion layer
whose width is the ion skin depth (Pritchett, 2001). In the reconnection layer of MRX,
the electron diffusion region was identified as shown in figure 5.12 and it was found
that demagnetized electrons are accelerated to a value that significantly exceeds V4 in
the outflow direction in the reconnection plane (Ren et al., 2008).
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Figure 5.12. See Color Plate 3. (a) Radial profiles of the electron outflow velocity V,z
(magenta asterisks) and ion outflow velocity V;z (blue squares), measured in a helium
plasma. (b) 2D profile of the out-of-plane field By (color-coded contours in a similar
way to figure 5.8) and the in-plane electron flow velocity V, (black arrows). (c) V,z and
Viz as functions of Z. The dashed magenta lines in (b) represent the cuts at Z = —6cm
and at R =37.5 cm, along which the profiles in (a) and (c) are taken. [From Ren et al.
(2008).]

The width of the outer ion diffusion layer is of order the ion skin depth, ~ 5-6 cm in
MRX. The ion outflow channel is shown to be much broader than the electron channel,
also consistent with numerical simulations. The width of the electron diffusion region,
which is identified by the profile of the electron outflow, scales with the electron skin
depth as equal to 5.5-7.5(c/wp.). The electron outflow velocity scales with the local
electron Alfvén velocity (= 1.2-1.6V, 4). However, the measured thickness of the elec-
tron diffusion layer is 3—5 times larger than the values calculated by two-dimensional
numerical simulations.

Since the outflow velocity affects the reconnection rate, we can plot the maximum
electron outflow velocity V,z against the electron Alfvén velocity V.4, as shown in
figure 5.13 for plasmas of three different ion species (the electron Alfvén velocity is
calculated using the reconnecting magnetic field evaluated at the edge of the electron
diffusion region and the central density). Note that the data show no ion-mass depen-
dence within error bars, since the points come together on a single line despite the
variation in the ion species. The measured values scale with the electron Alfvén veloc-
ity, namely V,z ~0.11V,,4, indicated by the linear best fit shown in the figure. This
result is quite different from numerical calculation, which shows V,z ~ V, 4. This MRX
result has been confirmed by recent MMS data (Burch et al., 2020), which reported
that the outflow velocity is 10-20% of V.4 with V.y > V.7, where the Y-axis is out
of the reconnection plane. A careful check of the effects of collisions has been made
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Figure 5.13. Measured peak electron outflow velocity V,z as a function of V,4. Dis-
charges with three different ion species are shown: helium (solid squares), deuterium
(solid circles), and hydrogen (asterisks). The dashed line (V,z ~0.11V,4) is the linear
best fit to the data. [From Ren et al. (2008).]

to determine how much of the enhancement of the thickness should be attributed to
collisions and other effects (Ren et al., 2008; Ji et al., 2008). While the electron outflow
seems to slow down by dissipation in the electron diffusion region, the total electron
outflow flux remains independent of the width of the electron diffusion region. We note
that, even with the presence of the sharp electron diffusion region, the reconnection
rate is still primarily facilitated by the Hall electric field, as concluded by the GEM
project. While some three-dimensional wave activities are suspected, it is not yet deter-
mined what causes the broadening of the electron outflow channel in both z- and y-
(in the direction of the out-of-reconnection-plane current) directions. Also, we note
that this electron outflow often occurs impulsively as the collisionality of the plasma is
reduced.

Thus, the MRX experiment identified a two-scale diffusion layer in which the elec-
tron diffusion layer resides within the outer ion diffusion layer as shown in figure 5.6,
with the width of the ion skin depth (Yamada et al., 2016a) as mentioned. In this situa-
tion we define the ion diffusion layer as the regime of E + V; x B # 0 and the electron
diffusion layer as the regime of E + V, x B # 0. In the electron diffusion region, elec-
trons are demagnetized with E + V, x B #0 (Yamada et al., 2015), while in the ion
diffusion region, electrons are still magnetized by the relation E + V, x B =0 (Ren
et al., 2008), and E 4+ V; x B #0 is satisfied with V; # V,. It was also concluded
that Hall effects determine the reconnection rate in the broad ion diffusion region; in
eq. (5.18), Ey ~ (V, x B)y. This subject will be revisited in chapter 10.

Recently, it has been reported that a very thin electron current layer was measured
in a laser-produced high-8 plasma (Fox et al., 2020). In their short pulse experiment
(1 ns), a long thin electron current layer of aspect ratio of over 100 with L =4 mm and
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a half-width of 28 um was experimentally identified. It was tentatively concluded that
the reconnection rate (which is yet to be conclusively measured) could be explained
by the pressure tensor term in the generalized Ohm’s law (eq. (5.15)) using a formula
developed by Hesse et al. (1999): Epec ~ (1/€)+/2m.T,(dV,/dx), where V, is the elec-
tron inflow velocity.

5.8 WAVES IN THE RECONNECTION LAYER AND
ENHANCED RESISTIVITY

5.8.1 Waves in the reconnection layer and their effects

As the collisionality is reduced, waves (particularly microturbulence) can be excited
in the two-fluid reconnection layer due to the different motions of electrons compared
to ions. When the relative motion of electrons against ions exceeds the ion acoustic
velocity current, driven micro-instability can be excited and strong momentum transfer
occurs from electrons to ions, leading to enhanced resistivity. The relative electron drift
velocity reaches this key value when the thickness of the reconnection layer becomes
less than the ion skin depth (Yamada et al., 2006, 2010), and it should significantly
increase the reconnection rate through the resistivity enhancement.

This enhanced resistivity in the generalized Sweet—Parker model discussed in chap-
ter 3 (Ji et al., 1999) should have several important effects that would aid the mag-
netic reconnection process. It should keep the reconnection layer as thick as the ion
skin depth. A thinner layer would increase the resistivity by a larger amount and the
increased electron and magnetic diffusion would force the layer thickness back to the
ion skin depth. When the layer is thicker than the classical Sweet—Parker thickness in
collisionless reconnection, it would make a faster outflow of the plasma in the general-
ized Sweet—Parker model.

The enhanced resistivity allows the electrons to flow across the field lines and
weakens the argument for quadrupole Hall magnetic fields and interferes with other
two-fluid collisional effects. It is sometimes observed that when magnetic fluctuations
occur in magnetic reconnection experiments, indicating the presence of instabilities,
the quadrupole magnetic fields indeed weaken. This makes sense since we expect that
enhanced fluctuation should perturb the current paths of electrons to make laminar Hall
magnetic fields (such as shown in figure 5.11). When Hall effects are seen, the fluctua-
tions are sometimes absent or weak. In the latter case, fluctuations may be too weak to
produce much anomalous resistivity.

A large number of candidate waves and instabilities have been suggested during
collisionless reconnection. But in laboratory experiments and space observations, no
specific wave has been verified as a convincing source for anomalous resistivity. In the
appendices of this book, typical waves in plasma are presented, together with a sim-
plified derivation of their dispersion relations, to show the propagation properties of
waves. Table A.1 in the appendix presents the dispersion relations for waves based on
the propagation direction with respect to the stationary background magnetic field, fluc-
tuating vector components with respect to the propagation vector k, and polarization of
waves. While many of the listed waves in table A.1 can be involved in the reconnection
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layer, electron whistler waves and lower hybrid waves have been the most investigated
because the former is expected to cause electron heating and acceleration and the latter
generates strong dissipation, as well as anomalous resistivity in the reconnection layer.
Ion acoustic waves are basically sound waves in plasma whose dispersion characteris-
tics can also be derived by w/k =/p/p =/(T; + T;)/m;; they are strongly damped
modes in the high-8 reconnection layer plasma because of the strong effects of Lan-
dau damping. Another common wave is the Alfvén wave, whose dispersion can also
be derived by w/k =+/p/p =+/ B2/up. In any case, in order to generate an enhanced
resistivity for the electron current flow in the reconnection layer, waves have to involve
ion dynamics so that the electron momentum flows are resisted by heavier ions. Thus,
lower hybrid waves, which are usually represented by magnetized electrons and demag-
netized ions, have been considered as the most likely candidates for generating the
enhanced resistivity.

In the case of reconnection without a guide field, the plasma beta in the reconnec-
tion layer is generally very large, compared to unity, in the center of the current sheet
or reconnection layer. This means that in the center of the current layer any instabil-
ity must be electromagnetic. This rules out the simpler electrostatic instabilities. The
application of theories of local instabilities does not generally work since they are often
convective, and propagate out of the instability region of the layer before they can grow.
This occurs because the current layers are found to be even thinner than the ion skin
depth, by a factor of as much as 3.

The bulk of research on plasma instabilities has been devoted to instabilities in col-
lisionless shocks, and other discontinuous regions, rather than those in reconnection
layers. A survey of the literature on such instabilities finds that many are not appli-
cable to reconnection. In reconnection layers one finds that the relative electron—ion
drift velocity can be much larger than the ion acoustic speed, so we should expand the
spectrum of the appropriate parameter regime.

Historically, the most widely quoted instability is that of Krall and Liewer (1971).
Although this is a purely electrostatic instability, it is important as the first instability
that brings out features that a micro-instability-driving anomalous resistivity should
have. It has been detected in MRX in the lower-8 outer boundaries of the reconnection
layer (Carter et al., 2002a). The original treatment of the instability is fully kinetic, and
because its wavelength is of order the electron gyroradius, the treatment is complicated.

Guided by the difficulties found in earlier theories, Wang et al. (2008) discovered a
local instability that has the appropriate property of a very small group velocity across
the layer. It does not propagate out of the instability region before growing enough to
generate appreciable wave-induced anomalous resistivity. The instability turns out to be
a normal mode, but their quasi-mode treatment brings out the physics more clearly and
is much easier both linearly and nonlinearly. The instability itself is not a strong gener-
ator of enhanced resistivity but it can nonlinearly drive a magnetoacoustic mode. These
nonlinear coupled modes will lead to a solution to the anomalous resistivity problem.
These modes have properties consistent with the experimentally observed fluctuation
in MRX and with Daughton’s numerical simulations. A similar instability, called the
modified two stream instability, was reported in the literature (McBride et al., 1972;
Lemons and Gary, 1977). This instability is driven by a local electron drift velocity
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against ions, a situation that can occur in collisionless shocks, but needs to be modified
in order to apply to the reconnection current sheets of the high-8 regime.

Global eigenmode analyses in a Harris sheet (Harris, 1962) (described in chapter 4)
for current-driven instabilities (Daughton, 1999, 2003; Yoon et al., 2002) were carried
out to take into account the effects of the boundary conditions of a current sheet. This
followed similar work on the same subject (Huba et al., 1980). It was found that for
short wavelengths (kd, ~ 1; d. = c¢/w).), the unstable modes concentrate at the low-
B edge and are predominantly electrostatic lower hybrid drift waves (LHDW). For
relatively longer wavelengths (k+/d.d; ~ 1), unstable modes with significant electro-
magnetic components, which may be explained by an electromagnetic LHDW, develop
in the center region. For even longer wavelengths (kd; ~ 1), a drift kink instability
(Daughton, 1999) exists but has a slower growth rate at realistic ion—electron mass
ratios.

Particle simulations under various limited conditions have been carried out in three
dimensions to study the stability of a Harris current sheet (Horiuchi and Sato, 1999;
Lapenta and Brackbill, 2002; Daughton, 2003; Scholer et al., 2003; Daughton et al.,
2004; Ricci et al., 2005; Silin et al., 2005; Moritaka et al., 2007). It was found that at
first the electrostatic LHDW-like instabilities at kd, ~ 1 are active only at the low-8
edge. These edge instabilities grow to large amplitudes to heat electrons anisotrop-
ically, thin the current sheet, and induce ion flow shear. These modifications to the
background state lead to secondary electromagnetic instabilities localized at the center
of the current sheet. These instabilities are identified as drift kink instabilities (Hori-
uchi and Sato, 1999; Moritaka et al., 2007), Kelvin—Helmbholtz instabilities (Lapenta
and Brackbill, 2002), or collisionless tearing modes (Ricci et al., 2004; Daughton et al.,
2004). Combinations of these instabilities are considered to cause substantial increases
in the reconnection rate.

High-frequency electrostatic and electromagnetic fluctuations have been detected in
reconnecting current sheets in both space (Shinohara et al., 1998; Bale et al., 2002) and
the laboratory (Carter et al., 2002a,b; Ji et al., 2004). In agreement with the numerical
predictions, it was found that electrostatic fluctuations peak at the low-$ edge of the
current sheet, while electromagnetic fluctuations peak at the center of current sheet, as
shown in figure 5.14.

The measured frequency spectra show that most fluctuations are in the lower hybrid
frequency range, but it was found that the electrostatic fluctuations did not corre-
late with the observed enhanced resistivity or the fast reconnection rate (Carter et al.,
2002a). With the use of the hodogram probe (Ji et al., 2004), the observed electromag-
netic waves were found in the lower hybrid frequency range, and appeared in an impul-
sive manner in all three magnetic components when the current sheet formed. They
persist as long as the reconnection proceed. The dispersion relation of the waves was
measured from the phase shift between two spatial points. The fluctuations have large
amplitudes and appear consistently near the current sheet center with peak 6§ B/ By ~ 5%,
where By is the upstream reconnecting magnetic field. A correlation has been found
between the wave amplitudes and fast reconnection rates in the low-density regime.
The question remains as to how these electromagnetic waves compare to the waves
seen in numerical simulations.
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Figure 5.14. Comparison of spatial profiles of electrostatic and electromagnetic fluctu-
ations measured in the magnetopause by the Polar satellite and in the MRX laboratory
plasma. In the top panel, magnetic (6 B) and electrostatic fluctuations (§ E) are shown
in (a) and (b) respectively, together with profiles of reconnecting magnetic field
components (B; shown in black; By, B,) and reconnecting electric fields (£, shown



2-FLUID KINETIC THEORIES AND OBSERVATIONS 93

To find the causes of the observed enhanced dissipation at the center of the cur-
rent sheets, another step is needed to clarify the interrelationships between laminar
Hall dynamics and magnetic fluctuations at the sheet. There is no clear consensus with
regard to how the observed waves are excited and how they affect the reconnection
rate or dissipation. In a reconnection experiment in the electron MHD (EMHD) regime
(Stenzel and Gekelman, 1981), where the electrons were magnetized and the ions were
not magnetized, their gyro-orbit exceeded the size of the plasma. Ion acoustic waves
were observed in their hot electron plasma (7, >> T;) and the observed anomalous resis-
tivity was attributed to them (Gekelman et al., 1982).

A strong guide field can qualitatively alter the kinetic stability properties of a recon-
necting current sheet. Due to strong ion Landau damping, electrons need to drift by
their thermal speed relative to ions for a Buneman instability to take place. Drake
et al. (2003) performed three-dimensional particle simulations of magnetic reconnec-
tion with a guide field and found that such instabilities can lead to the development
of electron holes, where electron density is substantially depleted in a highly nonlin-
ear state. Such electron holes can be a source of anomalous resistivity. Similar waves
were observed in other three-dimensional particle simulations with a strong guide field
(Pritchett and Coroniti, 2004), but electron holes were not specifically identified. In
space, electron holes have been observed by the Cluster satellite (Cattell et al., 2005),
and they propagate rapidly along the current direction in a reconnecting magnetotail
current sheet, especially near the separatrices. Lower hybrid drift waves, although not
predicted in the simulations, were observed. In the Versatile Toroidal Facility (VTF),
electrostatic structures, like electron holes, have been measured near the X-line where
a strong guide field was present during driven reconnection (Fox et al., 2008).

5.8.2 Effects of plasma waves excited in the reconnection layer and
impulsive reconnection

Although there is clear evidence for the existence of anomalous (much enhanced over
the collision-based classical value) resistivity during reconnection, so far no consensus
has been found regarding which waves should affect the reconnection rate most. Exten-
sive study has been carried out to determine how the electron diffusion layer is affected
by the presence of wave turbulence and how the profile of the electron diffusion layer
affects overall reconnection dynamics, including energy dissipation. The lower hybrid

Figure 5.14 (Continued). in black; Ey, E, shown in gray). In (c), (d) the z-components
of B and E are shown in darker gray. The time axis is translated to the spatial dis-
tance of the satellite moving against plasma [from Bale et al. (2002)]. In the bottom
two panels, measurements in the MRX reconnection layer are shown for electrostatic
fluctuation profiles on the left (Carter et al., 2002b) and magnetic fluctuations on the
right (Ji et al., 2004) and compared with the profiles of reconnection current. They show
clearly that electrostatic fluctuation peaks off the center of the reconnection layer, while
magnetic fluctuation tends to become maximum at the center of the layer in both space
and laboratory data.
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frequency range of waves has been observed and identified both in MRX and in the
magnetopause. It was observed that the electron flows in the electron diffusion region
often fluctuate on a variety of timescales, causing impulsive and turbulent reconnection.
The electron current channel becomes unstable due to a sharp radial gradient of the
current density, making the local flux transfer rate fluctuate and generating impulsive
reconnection. The reconnection rate measured by the flux transfer rate at the diffusion
layer has been compared with the global rate of flux inflow by Ren et al. (2008) and
an experimental campaign has been carried out on this topic in more detail on MRX
(Ji et al., 2004; Yoo et al., 2019, 2020). It appears that the presence of waves from the
lower hybrid frequency range does contribute to the enhanced resistivity, as well as to
the enhanced diffusion of electrons without a decisive correlation.

Ren et al. (2008) examined how fluctuations correlate with reconnection rates,
based on the observations from MRX. Multiple high-resolution magnetic pickup probes
were used to measure magnetic fluctuations at several locations in the reconnection
R-Z plane near the electron diffusion region. In a subsequent experiment by Dorf-
man et al. (2013), impulsive high-frequency magnetic fluctuations were observed con-
comitantly with a sudden increase in the reconnection rate. The correlation among the
magnetic fluctuations, the electron flows, and the reconnection rate at the current sheet
center suggests the following picture: As the neutral current sheet narrows, the elec-
tron current sheet becomes unstable and suddenly disrupts, generating broader current
profiles in both the R- (inflow) and Z- (outflow) directions. The magnetic fluctuations
also propagate together with the reconnected magnetic field lines, moving outward in
the outflow direction. In other words, the outgoing electrons carry magnetic field lines
with them, accelerating the reconnection rate and generating an impulsive reconnec-
tion event. In this instant, the local reconnection rate can significantly exceed the flux
injection rate by external forcing. After the magnetic flux is ejected out of the recon-
nection region to the exhaust region with a higher speed than the incoming flux rate,
reconnection slows down and a slow flux buildup resumes. These flux buildup phenom-
ena were studied in MRX during driven experiments. The sequence of flux buildup
and sudden disruption of the magnetic profile is remarkably similar to the sawtooth
reconnection phenomena observed in fusion plasmas that will be mentioned in later
chapters. The impulsiveness of reconnection can be related to a drift kink instabil-
ity expected to occur in the local current sheet, while the cause of the sudden crash
of the current profile in a tokamak plasma is considered to be caused by an MHD
instability.

5.8.3 Scaling of laboratory data to astrophysics with respect to collisionality

As described earlier in this chapter, there is a distinct transition in the feature of recon-
nection from the collisional regime to the collisionless regime. While we do not have
a fully satisfactory theory that explains the cause of the enhanced resistivity, we could
learn from the scaling we obtain from the experimental data. The MRX data suggest
that a transition from MHD-like reconnection to collisionless Hall reconnection occurs
when the thickness of the reconnection layer becomes comparable to the electrons’
mean free path (Yamada et al., 2006). In the two-fluid regime, the sheet thickness is
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Figure 5.15. MRX scaling. Effective resistivity n* = nesr/nsp (eff = E/j), normalized
by the Spitzer value nsp versus the ratio of the ion skin depth to the Sweet—Parker width.
Effective resistivity measured in MRX is compared with numerical calculation of the
contribution of Hall MHD effects to the reconnection electric field (Yamada, 2007).
The simulations were based on a 2D two-fluid code: helium (solid squares), deuterium
(solid circles), and hydrogen (asterisks). The solid line is a two-fluid code by Breslau
and Jardin (2003).

generally determined by the ion skin depth d; = (c¢/wp;). In the one-fluid collisional
MHD regime, on the other hand, the sheet thickness is determined by the Sweet—Parker
width L/S'/2. The ratio of the ion skin depth to the Sweet—Parker layer thickness 8sp is
proportional to the square root of the ratio of the electron mean free path to the system
size (length), as shown in Yamada et al. (2006):

1 A 12/ ms \1/4
e b =4_5<_mfp) (—m‘ ) : (5.21)
Wpi Ssp L mig

where m; and m;y are the mass numbers for plasma ions and protons, and we have
assumed T, ~ T; and n) ~2n), va ~ vmi (B~ 1), and m; 5 /m, ~1,800.

In MRX, the classical rate of reconnection with Spitzer resistivity is obtained when
the resistivity is large enough to satisfy dsp > d;. When the ion skin depth becomes
larger than dsp, the reconnection rate is larger than the classical reconnection rate
determined by Spitzer resistivity and the reconnection layer thickness is expressed
as 0.4d;. Figure 5.15 presents an MRX scaling for effective resistivity n™ = negr/nsp
(nesr= E/j), normalized by the Spitzer value nsp in the center of the reconnection
region. The MRX data set is compared with a scaling obtained in Hall MHD numerical
simulation results using a two-fluid MHD code (Breslau and Jardin, 2003). The hor-
izontal axis represents the ratio of the ion skin depth divided by the classical Sweet—
Parker width §sp=L/S 172 where L was set to be 20 cm, the system scale. Figure 5.15
demonstrates an important criterion for two-fluid effects to come into play, namely that
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the reconnection resistivity (or reconnection speed) takes off from the classical Spitzer
value (or the Sweet—Parker reconnection rate) when the ion skin depth d; becomes
larger than twice the Sweet—Parker width dsp.

The apparent agreement between the MRX scaling and the two-fluid Hall MHD
(with resistivity included) code has an important implication. It indicates that anoma-
lous resistivity is primarily accounted for by the laminar Hall effect when the Spitzer
resistivity is not large enough to balance the large reconnecting electric field in fast
magnetic reconnection. Even with the presence of other energy dissipation mecha-
nisms, the reconnection electric field can be primarily represented by the laminar Hall
effect, namely the jyay x B term, and this is consistent with the MRX data shown in
figure 5.15.

We note that the magnitude of this laminar Hall effect peaks somewhere outside
the X-line. Additional effects, such as anomalous resistivity caused by waves and tur-
bulence, are needed to support reconnection around the X-line and separatrices. It can
thus be concluded that both mechanisms, one based on the laminar Hall effect and the
other including effects related to waves and the electron pressure tensor, are responsi-
ble for fast reconnection. Looking into the future, experimental facilities can be utilized
more effectively by widening operations into more astrophysics-relevant regimes or by
building new devices to address specific physics issues. The study of magnetic recon-
nection in the wider collisionality parameter regime (from Amfp < L t0 Ampp > L) is
desirable. In addition, toroidal fusion experiments, including tokamaks and RFPs, dis-
play strong global reconnection phenomena in highly conductive plasmas in the col-
lisionless regime, and they will be utilized effectively to make more comprehensive
magnetic reconnection scaling with and without a guide field. From this perspective,
an interesting paper (Ma et al., 2018) was recently published, in which an effective
resistivity relevant to collisionless magnetic reconnection in plasma was presented. It
is based on the argument that pitch angle scattering of electrons in the small electron
diffusion region around the X-line can lead to an effective resistivity in collisionless
plasma. It was concluded by them that their result agrees very well with the resistiv-
ity (obtained from available data) of a large number of observed cases susceptible to
magnetic reconnection: from the intergalactic and interstellar, to solar terrestrial, and to
laboratory fusion plasmas. The obtained scaling law agrees well with the MRX scaling
shown above in figure 5.15.

5.8.4 New findings from the recent interdisciplinary research and
future opportunities

The arrival of new MMS data (Burch et al., 2016b) has greatly increased the prospects
of understanding the detailed electron dynamics and the associated dissipation. The
combined capability of the unprecedented resolutions in both particle and field mea-
surements as well as the close distances between the four spacecraft in the constellation
has enabled measurements of detailed electron dynamics and electromagnetic fields
on electron scales, such that each term in the generalized Ohm’s law can be quanti-
fied. Positive identifications of the electron diffusion region were made by close com-
parisons with two-dimensional symmetric and asymmetric reconnection simulations,
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which clearly explain the origin of the observed crescent-shaped electron velocity dis-
tributions that carry the reconnecting current. Despite these successes, however, the cru-
cial question on the balancing dissipation of the reconnecting electric field is still open,
as none of the laminar terms shown in eq. (5.17) is sufficiently large. This is consis-
tent with the fact that the observed thickness of electron diffusion regions (EDRs) from
the MMS data is still considerably larger than the two-dimensional predictions. Mov-
ing beyond the standard two-dimensional model of collisionless reconnection, various
waves have already been reported by the MMS team from low-frequency drift waves
(Ergun et al., 2017), lower hybrid drift waves (Graham et al., 2017), high-frequency
whistler waves (Cao et al., 2017; Wilder et al., 2017), to standing quasi-electrostatic
whistler waves localized in EDRs (Burch et al., 2016a). Many of these waves are
also found in MRX, where wave characteristics were studied as shown in figure 5.14.
Whistler waves were detected in EDRs with significant power up to the local 0.5 x .,
(where w, is the electron cyclotron angular frequency) in frequencies in both MMS
(Caoetal., 2017) and MRX.

In the most recent work carried out by Yoo et al. (2020), generation and propagation
of LHDW near the EDR during guide field reconnection at the magnetopause is studied
with data from MMS. Inside the current sheet, the electron beta 8, determines prop-
erties of the excited LHDW. Inside the EDR, where the electron beta is high (8, ~95),
the long-wavelength electromagnetic LHDW is observed propagating obliquely to the
local magnetic field. In contrast, the short-wavelength electrostatic LHDW, propagat-
ing nearly perpendicular to the magnetic field, is observed slightly away from the EDR,
where B, is small (B, ~ 0.6). The observed LHDW features were explained by a local
theory model, including effects from the electron temperature anisotropy, finite electron
heat flux, electrostatics, and parallel current. The short-wavelength LHDW is capable
of generating significant drag force between electrons and ions, which is consistent
with the concept mentioned earlier (section 5.8).

Future collaborative research from three approaches (laboratory, numerical, and
observational) will be intensified to systematically investigate each of the candidate
waves and their effects on the reconnection rate and the dissipation of magnetic field
to electrons. The latter question is a key consequence of the collisionless reconnection
process and will be addressed in chapter 10.



Chapter Six

Laboratory plasma experiments dedicated

to the study of magnetic reconnection

As mentioned in chapter 1, research on magnetic reconnection has advanced signif-
icantly in the last three decades by connecting theory with results from numerical
simulation codes, space satellites, and laboratory experiments dedicated to the study
of magnetic reconnection. The recent dedicated experiments have been carried out in
plasma systems that satisfy the global conditions for MHD (magnetohydrodynamic)
treatment of the plasma with V4 /c <« 1, S>> 1, and p; /a < 1, providing realistic exam-
ples of magnetic reconnection. In this chapter we highlight laboratory experiments,
starting from early electron current sheet experiments, followed by the merging of
spheromaks and tokamaks, and then modern dedicated laboratory experiments, which
can be interconnected with observations from major satellites and numerical simulation
results.

6.1 EARLY LABORATORY EXPERIMENTS ON RECONNECTION

Before 1980, most laboratory experiments dedicated to magnetic reconnection research
were carried out in short-pulse current-carrying “pinch” plasmas or fast high-density
pulsed plasma discharges of a few microseconds duration (Bratenahl and Yeates, 1970;
Ohyabu et al., 1974; Syrovatskii et al., 1973; Frank, 1974; Baum and Bratenahl, 1980;
Syrovatskii, 1981). One of the major goals was to generate a current sheet where recon-
nection takes place as predicted by Dungey (1953). Although diagnostics were not yet
advanced, and high spatial and temporal resolution was not available, interesting obser-
vations were made. The reconnection rate was recognized to be much larger than the
value predicted by MHD in the experiment by Bratenahl and Yeates (1970) and it was
attributed to possible micro-instabilities driven by the drift of electrons against ions in
the current sheet, although a quantitative analysis was not made. These experiments
were carried out in the collision-dominated MHD regime, and their low-Lundquist-
number (S = 1-10) experiments made it difficult to quantitatively compare the results
with MHD theories based on large S.

Despite these difficulties, the current density profiles of the neutral sheet were mea-
sured by magnetic probes, and density profiles were measured on the Alfvén transit
time (< 1 us) by Frank et al. (Frank, 1974; Syrovatskii, 1981). Figure 6.1(a) presents
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Figure 6.1. Fast reconnection experiments in a linear plasma sheet pinch device. (a) Coil
and current sheet geometry, (b) measured magnetic field profiles at different times, and
(c) plasma density profiles measured by interferometry. [From Syrovatskii (1981).]

their experimental setup, where formation of a flat current sheet was induced in a Z-
pinch discharge along the axis (z-axis) of a straight cylinder. Figure 6.1(b) shows the
time evolution of reconnecting magnetic field profiles along their y-axis (not a conven-
tional coordinate system), perpendicular to the sheet. After the magnetosonic waves
converged, a current sheet stretched in the x-axis began to form in the vicinity of the
neutral line along their y-axis. The final thickness of the sheet appeared to be deter-
mined by the balance of the reconnecting magnetic field pressure and the plasma kinetic
pressure (Syrovatskii, 1981). This experiment was one of the first laboratory trials
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Figure 6.2. LPD (linear plasma device) experiment. (a) Cross-sectional view of the
experimental setup without plasma, (b) magnetic flux contours, (c), (d) ion velocity
vectors at two different times. The magnetotail coordinate system (y is the out-of-plane
direction) is employed in this experiment (A is the vector potential of the magnetic
field: V x A = B). [From Stenzel and Gekelman (1981).]

to materialize Dungey’s concept of a collapse of the current sheet near the X-point
(discussed in chapter 1). They measured profiles of plasma density by interferometry
versus the y-direction at four different x-positions. The peak density was as high as
1.4 x 10' cm™3, which supports a pressure balance between the reconnecting mag-
netic field (~2kG) and the plasma. The plasma was highly collisional.

In a linear plasma experiment carried out at UCLA between 1980 and 1990 (Sten-
zel and Gekelman, 1981; Gekelman et al., 1982), magnetic reconnection was a major
topic and was studied using parallel conductor plate currents with a strong guide field
(BG > Breconn)- A reconnection region was created by driving currents in the two
parallel sheet conductors shown in figure 6.2(a), and a detailed local study of mag-
netic reconnection was performed using internal probes based on multiple reproducible
plasma discharges.

The experiments were carried out in a cylindrical vacuum chamber (1.5 m diameter,
2 m length) in which a low pressure (p ~ 10~ torr, argon) discharge was produced with
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a 1 m diameter oxide-coated cathode. The plasma parameters were n, ~ 10'> cm™3,

T, ~ 10 eV, electron—ion collision mean free path ~ 1 m, axial magnetic field 12-100 G,
and B, ~ 1 for a plasma current of about 1.5 kA. The neutral sheet current was gener-
ated by a cathode discharge with help from inductive drive by the outside plate.

The electrons were magnetized (p, << L) while ions were unmagnetized even out-
side the reconnection region (p; > L: argon gas); this is a regime often called an elec-
tron MHD (EMHD) regime. The plasma was largely resistive and the Lundquist num-
ber was small (1 < § < 10). Although it was reported that a Petschek slow MHD shock
was observed (Stenzel and Gekelman, 1979), it could not be theoretically supported
since the experiment was performed in a non-MHD regime.

This experiment was noteworthy in studying EMHD dynamics and wave-related
mechanisms in the reconnection region and identifying local microscopic physics asso-
ciated with neutral sheet formation, in particular particle motions and wave excita-
tion. Profiles of the electron pressure n,7,, magnetic force density j x B, and ion
velocity vectors were measured in the diffusion region. A neutral current sheet was
seen to develop in less than two Alfvén transit times (74 ~ 20 us). The neutral sheet
became narrower as it was measured further from the cathode. Figure 6.2(b) shows
field lines through contours of vector potential Ay at y =137 cm from the cathode
and at r =50 us; here, y is the axial distance from the cathode and ¢ =0 is the start
time of the discharge. After a few Alfvén times, a classical plasma flow pattern was
observed, with ions jetting from the neutral sheet with velocities close to the Alfvén
speed. The two-dimensional features of particle acceleration were measured (Gekel-
man et al., 1982). Figure 6.2(c), (d) show typical two-dimensional ion flows drift-
ing radially from the diffusion region to outside at t =60 and 80 us. The local force
on the plasma, j x B — Vp, was compared with the measured particle acceleration
using differential particle detectors. The ion acceleration was seen to be strongly mod-
ified by scattering off wave turbulence and the observed fluctuations were identified
as oblique whistler waves. But it was not clear whether the whistlers were solely
responsible for the observed large ion scattering rate. It was concluded later that the
observed anomalous scattering rate and high resistivity were in large part due to ion
acoustic turbulence, although higher-frequency whistler waves were present. However,
the role of whistler waves for the observed anomalous resistivity was not conclusively
determined.

The physical effects of the strong guide field used in the experiment were not dis-
cussed explicitly in their analysis of their data, while they were expected to play a
significant role in the force balance. After modifying the shape of the end anode, they
found that evolution of the neutral current sheet depended on the strength of the axial
magnetic field. As the axial field was raised from 20 G to 100 G, the classical double-
Y-shaped neutral sheet topology changed to an O-shaped magnetic island. This result
was later reproduced in the MHD regime on MRX (Magnetic Reconnection Experi-
ment) (Yamada et al., 1997b,a). The stability of the current sheet was also investigated.
When the current density in the center of the sheet exceeded a critical value, sponta-
neous local current disruptions were observed with the center of the sheet moving out
to the sides. This experiment was extended to a three-dimensional study (Gekelman
and Pfister, 1988), in which tearing of the current sheet was observed.
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In summary, the LPD experiment was valuable in measuring the local structure
and some of the EMHD features of the reconnection region for the first time and in
finding the relationship between the reconnection rate and wave turbulence. However,
one of the most important questions on reconnection—how the diffusive neutral sheet is
formed in a plasma relevant to space and astrophysics—was not answered because the
MHD conditions for the global plasma were not satisfied due to the boundary condition
in which the reconnection layer is too close to the wall (p; > L). Also, the effects of the
end electrodes in their linear device were not addressed. We note that the short ion mean
free path (compared to L) may explain the fluid-like behavior of the ions as shown in
figure 6.2. The role of line tying in their linear plasma is not clear. In the following
sections, reconnection experiments without end effects, in MHD regimes where the
Lundquist number exceeds 100, and with both electrons and ions being magnetized
(pe K pi K L) are discussed.

6.2 EXPERIMENTS OF TOROIDAL PLASMA MERGING

Merging of toroidal plasmas would create a magnetic toroidally symmetric reconnec-
tion layer not terminated by electrodes, and toroidal plasma merging is fully utilized to
study uniform reconnection layers. Local and global MHD issues for magnetic recon-
nection have been extensively investigated in the toroidal geometry in spheromak merg-
ing experiments. The studies showed that a double spheromak geometry is a configura-
tion well suited for basic studies of magnetic reconnection. An advantage of this type
of experiment is that we can simultaneously study local and global features of magnetic
reconnection.

6.2.1 Plasma merging experiments at the TS-3/4 facility

The TS-3 (Todai Spheromak-3) group carried out laboratory experiments (Yamada
et al., 1990, 1991; Ono et al., 1993) to study magnetic reconnection by making two
spheromak-type plasma toroids merge together through contacting and reconnecting
along a toroidally symmetric line. A spheromak is a spherical- or toroidal-shaped
plasma in which near force-free currents (j x B ~0) set up an equilibrium configu-
ration, depending on whether there is a current (flux) hole at the major axis (Yamada
et al., 1981; Taylor, 1986). The toroidal magnetic field is generated by its own poloidal
current, thus making a spheromak a good candidate for an ideal compact toroid reactor
core without external coil systems which interlink with plasma. Two toroidal sphero-
maks, carrying equal toroidal current with the same or opposite toroidal field, were
forced to merge by externally controlled coil currents. This is called co-helicity merg-
ing and counter-helicity merging, respectively. As explained by Yamada et al. (1990),
counter-helicity merging generates antiparallel magnetic field lines merging at the recon-
nection sites, while co-helicity merging happens when magnetic field lines merge at an
angle, as shown in figure 6.3.

In antiparallel merging, magnetic reconnection was expected to occur very effi-
ciently, and experimental results demonstrated that counter-helicity merging indeed
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Figure 6.3. Schematic drawings of the merging geometry of two toroidal plasmas.
Merging toroid configurations of the reconnection region, as well as the 3D geometry of
reconnecting field lines, are shown for (a) counter-helicity merging and (b) co-helicity
merging.

made much faster reconnection globally than co-helicity merging, where the field lines
meet with an angle. During this merging, a field reversed configuration (FRC) is gener-
ated without a net toroidal flux. The FRC is another good candidate for an efficient reac-
tor core, since it can confine a high-g plasma (Wp ~ Wp). Thus, this merging scheme
became one of the most popular schemes for generating FRC plasmas.

Figure 6.4 (left) shows an experimental setup for the TS-3 merging experiment.
Two plasma toroids are made by coaxial electrode discharges and made to merge coax-
ially, as shown in the figure. To document the time evolution of the internal magnetic
structure of the reconnection on a single shot, a two-dimensional magnetic probe array
is placed on an r—Z plane or toroidal cutoff plane. The plasma parameters are B ~ 0.5—
1kG, T, ~10eV, and n, ~2-5 x 10'* cm™3. The time evolution of the poloidal flux
contours shows that counter-helicity merging of plasma toroids of opposite helicity
occurs significantly faster (by more than three times) than merging of the same helicity
(figure 6.4, right). It was also reported that for counter-helicity merging, the opposite
toroidal fields canceled each other after the merging and the total toroidal flux was
quickly annihilated. The poloidal flux contours are shown for the same sequence of
shots (Yamada et al., 1991; Ono et al., 1993) in figure 6.4 (right) for co- and counter-
helicity merging respectively, demonstrating an important difference in the evolution
of the two-dimensional features of magnetic reconnection. Strong dependence of the
reconnection speed on the global forcing was also observed, i.e., the merging velocity
of the two plasmas. It was observed that the global reconnection rate y, defined by a flux
transfer rate (1/W)§W /8¢, increased nearly proportionally to the initial colliding veloc-
ity v;. This result could not be explained by the classical two-dimensional MHD theo-
ries of Sweet and Parker and/or Petschek, which are based on the local dynamics. This
experiment clearly suggests the importance of an external driving force in determining
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Figure 6.4. (Left) TS-3 experimental setup. (Right) Evolution of poloidal flux contours
for co- and countermerging. Counter-helicity merging proceeds much faster than co-
helicity merging. The plasma parameters are kept identical for the two cases shown.
[From Yamada et al. (1990); Ono et al. (1993).]

the reconnection rate and supports an important aspect of a driven-reconnection model
with external and global forcing.

6.2.2 Plasma heating and acceleration during plasma merging

A violent “sling-shot” plasma acceleration is expected in the toroidal direction as the
field lines contract after the merging of two toroidal plasmas of opposite helicity: fig-
ure 6.5(a). Let us look at clear evidence of this phenomenon in the TS-3 experiment
(Ono et al., 1993).

Figure 6.5(a)—(c) show the time evolution of the profile of the toroidal field B; ver-
sus Z (axial direction) for counter-helicity merging. Note that time proceeds from the
top to the bottom of the figure. This result was obtained by a B; probe array axially
inserted at radius R = 14 cm (which matches the magnetic axis). Initially, the merg-
ing plasmas formed the B;-profile shown in the figure, positive on the left and neg-
ative on the right-hand side. As reconnection progressed, the value of B; decreased
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Figure 6.5. Time evolution of plasma parameter profiles (note that time proceeds from
the top to the bottom of the figure). (a) Axial profiles of the toroidal magnetic field B,
at » = 18 cm, (b) poloidal flux contours on the R—Z plane, (c) radial profiles of the ion
global velocity V in the toroidal direction on the midplane, and (d) radial profiles of ion
temperature 7; on the midplane, during the reconnection of two merging spheromaks
with equal but opposite direction B;. [From Ono et al. (1996).]
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as expected but then the B;-profile flipped (changed its polarity) between ¢ =20 and
30 us. This overshoot is regarded as evidence of the toroidal sling shot effect (Yamada
et al., 1990) as shown on the far left of figure 6.5(a). Figure 6.5(b) describes the (three-
dimensional) evolution of magnetic field lines through poloidal flux contour plots dur-
ing and after the reconnection. Energy transfer from magnetic to plasma thermal energy
is expected in this dynamic toroidal field annihilation process. Strong plasma acceler-
ation and ion heating were documented during counter-helicity merging (Ono et al.,
1996), as shown in figure 6.5(c), (d) respectively. Numerical MHD simulations show
similar three-dimensional effects in solar flare processes (Matsumoto et al., 1993) and
in magnetospheric physics (Hawkins et al., 1994).

Local ion heating due to reconnection has been also measured (Hsu et al., 2000)
in MRX using an Ion Dynamic Spectroscopy Probe (Fiksel et al., 1998) placed inside
the neutral sheet. The ion heating rate was found to be much larger than the values
predicted by classical dissipation. The SSX experiment (see section 6.2.3) was also
utilized to study ion heating during merging (Kornack et al., 1998). While their results
are consistent with the results from TS-3 and MRX, a burst of plasma flow at the Alfvén
speed was observed in the reconnection plane.

6.2.3 Plasma merging experiments at the SSX facility

The Swarthmore Spheromak Experiment (SSX) facility (Brown, 1999; figure 6.6) also
studies magnetic reconnection through the merging of spheromaks. Reconnection
physics, particularly its global characteristics, has been studied in a number of geome-
tries with diameters varying from 0.17-0.50 m (Brown, 1999; Cothran et al., 2003;
Brown et al., 2006). Different types of flux-conserving conductors consisting of two
identical copper containers have been used.

Many optical diagnostics were utilized in this device. The line-averaged electron
density is monitored with a HeNe laser interferometer (Brown et al., 2002). Alfvénic
outflow has been measured both with electrostatic ion energy analyzers (Kornack et al.,
1998) and spectroscopically (Brown et al., 2006; Cothran et al., 2006). The
line-averaged ion flow and temperature 7; at the midplane are measured with a 1.33 m
ion Doppler spectrometer.

The plasma parameters are similar to those of TS-3: n, = (1-10) x 10'*cm™3,
T; =40-80eV, T,=20-30eV (inferred from soft-X-ray radiation), with typical
magnetic fields of 0.1 T. The ion gyroradius is much smaller than the radius of the
outer flux-conserving boundary of the plasma (defined by a cylindrical copper wall).
The Lundquist number S range is 100-500, making the global structure of SSX sphero-
maks fully in the MHD regime (S >> 1, p;/L < 1). The merging of a pair of counter-
helicity spheromaks generates turbulent three-dimensional magnetic reconnection
dynamics at the midplane. In recent decades, more experiments have been carried out
to study the global characteristics of various current-carrying plasma configurations
with axially elongated force-free equilibrium (Gray et al., 2010, 2013). Recently, a
three-dimensional magnetic structure was obtained with 600 individual internal mag-
netic probes operated at 1.25 MHz.
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Figure 6.6. The SSX device to study local and global dynamics of magnetic reconnec-
tion. [From Brown et al. (2006).]

6.2.4 TAE experiments and plasma heating during the merging
of two FRC plasmas

The main focus of the Tri-Alpha Energy (TAE) project is the non-neutronic fusion
reaction of p-11B to create three helium atoms by injecting high-energy ion beams
to stabilize an FRC plasma and to obtain a well-confined high-energy-density fusion
plasma. While their reactor design is very challenging at the moment, they are mak-
ing steady progress in obtaining high-temperature plasmas and keeping them for a
long time.

In the past ten years, significant effort has been made by TAE to utilize plasma
heating during the reconnection process of toroidal plasmas effectively. In their initial
phase, two toroidal FRC plasmas were merged together, resulting in notable heating of
the merged plasma, as shown in figure 6.7. Magnetic reconnection was utilized to form
their target compact toroid plasma. In the initial phase the magnetic energy and the
kinetic energy of the fast-moving colliding plasmas are converted to the plasma’s ther-
mal energy. In one of the more recent experiments, FRCs with a high ion temperature
of 1 keV were obtained in their C-2 device by combining plasma-gun edge biasing and
neutral beam injection. A separate plasma gun creates an inward radial electric field
that counters the deleterious FRC spin-up phenomena (Binderbauer et al., 2015). The
n =2 rotational instability is stabilized by the presence of external gun plasma (could
be due to line-tying effects) without applying stabilizing external quadrupole magnetic
fields. The FRCs are nearly axisymmetric, which enables fast ion confinement. The
plasma gun also produces E x B plasma flow shear in the FRC edge layer, which may
explain the observed improved stability as well as reduced particle transport. It is sig-
nificant that they have relatively quiet plasma conditions in which they can assess the
confinement characteristics of the high-energy-beam-driven FRC plasmas. This result
significantly improves the prospect of a compact fusion reactor. The FRC confinement
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Figure 6.7. Plasma merging in the TAE device for initial FRC plasma formation through
magnetic reconnection. (a) Schematics of the C-2 device at the Tri Alpha Energy com-
pany. (b) Evolution of the outer radius (measured by the excluded flux radius) of an
FRC plasma in the C-2 device obtained from a series of external diamagnetic loops
at the formation chamber and main confinement chamber. Time is measured from the
instant of FRC plasma formation in the formation chamber, and the distance z is given
relative to the center of the confinement chamber. [From Binderbauer et al. (2015).]

times have been improved recently by factors of 4 to 5, and the plasma lifetimes have
been significantly extended from 1 ms to up to 30 ms.

In order to generate an optimum initial high-flux target FRC plasma, they plan
to construct new midscale spheromak injectors at TAE and then characterize the
performance, including studies of spheromak merging and reconnection as well as the
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stability of a formed FRC. A multipulsed spheromak injection into an FRC plasma on
the geometrical axis for effective refueling and refluxing is planned.

6.3 CONTROLLED DRIVEN RECONNECTION EXPERIMENTS

In the past two decades, a series of dedicated laboratory experiments have been per-
formed to investigate the fundamental processes of reconnection by making a proto-
typical reconnection layer in a controlled manner. The goal is not to simulate spe-
cific reconnection events in space or in fusion devices, but to provide key data to
understand the fundamental process of reconnection. In these experiments, a recon-
nection layer can be generated in a controlled setting by driving oppositely directed
field lines into the neutral sheet, generating a reconnection region with various plasma
parameters.

6.3.1 MRX facility

The MRX (Magnetic Reconnection eXperiment) device was built at the Princeton
Plasma Physics Laboratory (PPPL) in 1995 to investigate the fundamental physics of
magnetic reconnection (Yamada et al., 1997a). Another goal was to gain understanding
of self-organization phenomena of fusion plasmas as well as space and astrophysical
plasmas. The analysis focuses on the coupling between local microscale features of the
reconnection layer and global properties such as external driving force and the evo-
lution of plasma equilibrium. The local features of the reconnection layer have been
extensively studied. In most experimental campaigns, the initial boundary geometry
is axisymmetric and two-dimensional features of reconnection have been extensively
studied. But if necessary, the boundary condition can be made nonaxisymmetric to
study the three-dimensional characteristics of merging and also asymmetric reconnec-
tion, in which the plasma densities of the two inflowing plasmas are significantly differ-
ent, as observed in the magnetopause. The global plasma properties can be described by
MHD (S > 10%) with the ion gyroradius (1-5 cm) being much smaller than the plasma
size (R ~30-50cm), while it is necessary to use two-fluid kinetic theory to describe
the dynamics of the reconnection region.

Experiments have been carried out in a double annular plasma setup in which two
toroidal plasmas with annular cross-section are formed independently around two flux
cores and magnetic reconnection is driven in the poloidal field shown in figure 6.8.
Each flux core (gray circle in figure 6.8) contains a TF (toroidal field) coil and a PF
(poloidal field) coil to inductively generate plasma discharges (Yamada et al., 1981).
First, a quadrupole poloidal magnetic field is established by the PF coil currents (which
flow in the toroidal direction), and plasma discharges are created around each flux core
by pulsing currents into the TF coils (Yamada et al., 1997a) of the flux cores. After the
annular plasmas are created, the plasmas are made of two private sections around each
flux core and a public section that surrounds both private plasmas.

Two toroidal plasmas carrying identical toroidal current, with the same or opposite
toroidal field, is are made to merge to induce reconnection by controlling external coil
currents. After the annular plasmas are created, the PF coil current can be increased
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[From Yamada et al. (1997b).]

Figure 6.9. Illustration of “push” and “pull” reconnection in the MRX double annular
configuration. [From Yamada et al. (1997b).]

or decreased. For rising PF current, the poloidal flux in each plasma increases and
is “pushed” toward the X-point (push mode). For decreasing PF current, the poloidal
flux in the common plasma is “pulled” back toward the X-point (pull mode) (see fig-
ure 6.9). In this way, a current layer or a typical reconnection layer is generated in
a well-controlled manner. For standard conditions (1, ~0.1-1 x 10 ecm=3, 7, =5-
15eV, B =0.2-1kG, S > 500), MRX creates strongly magnetized MHD plasmas. The
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Figure 6.10. 2D and 3D views of magnetic reconnection. When the third vector com-
ponent is zero, the reconnecting field lines are exactly antiparallel, i.e., null-helicity,
case (i). With the presence of the third field component, field lines reconnect obliquely
in co-helicity for case (ii) while the reconnecting field lines are again antiparallel in
counter-helicity for case (iii). [From Yamada et al. (1997b).]

mean free path for electron—ion Coulomb collisions can be varied in the range 0.1-
20cm.

To measure the internal magnetic structure on a single discharge, a two-dimen-
sional magnetic probe array is placed in the R—Z plane or toroidal cutoff plane, where
Z is the axis of the vacuum vessel. The profile of the neutral sheet was carefully
measured and different shapes of neutral sheet current layers were identified, depen-
ding on the third (toroidal) vector component of the reconnecting magnetic fields. As
poloidal flux is driven toward the diffusion region, a neutral sheet is formed, as seen
in figure 2.10. Without the third component (called null-helicity reconnection), a thin
double-Y-shaped diffusion region is clearly seen in figures 1.5 and 2.10. With a sig-
nificant third component (co-helicity reconnection), an O-shaped sheet current appears
(Yamada et al., 1997b). Recent results from MRX are discussed throughout this book.

The common two-dimensional description of magnetic field-line reconnection is
shown in figure 6.10. In actual reconnection phenomena, the magnetic field lines have
three vector components as illustrated. For case (i), conventional two-dimensional
reconnection is applicable. In the presence of a third component, figure 6.10(ii) shows
the field lines reconnecting at an angle when unidirectional toroidal fields exist (the
co-helicity case). In (i) and (iii) they reconnect with antiparallel geometry. Note that
the reconnecting field lines are antiparallel for both null-helicity and counter-helicity
merging. Although cases (i) and (iii) are the same in a two-dimensional description,
they can be quite different in the global MHD picture.

6.3.2 VTF facility

The Versatile Toroidal Facility (VTF) magnetic reconnection experiment (Egedal et al.,
2000, 2003, 2005, 2007; Egedal and Fasoli, 2001), which is a controlled externally
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Figure 6.11. VTF experiment. (a) Schematic of the experiment at a poloidal cross-
section, (b) total plasma current, (c) toroidal-averaged toroidal electric field, (d) fluc-
tuation trace for the time period 1,300-1,500 us, (e) zoom-in on the fluctuation trace
from 1,418 to 1,426 us, (f) log-histogram of voltages measured by a fluctuation probe
over this time period, where the solid curve indicates a best Gaussian fit to the central
portion of the data. [From Fox et al. (2008).]

driven reconnection experiment, was built at the Plasma Science and Fusion Center of
the Massachusetts Institute of Technology.

The VTF experiment explores fast magnetic reconnection in a collisionless plasma
environment, where the mean free path between electron and ion collisions is much
larger than the dimensions of the plasma for a configuration with a strong variable
guide magnetic field. The VTF geometry and a poloidal cross-section are shown in
figure 6.11(a). The understanding gained from research on reconnection in the VTF
was applied to interpret recent in situ measurements of electron phase-space distri-
bution during reconnection in the deep magnetotail (Egedal et al., 2008, 2009, 2012,
2016). This is of particular relevance to the reconnection event observed by the Wind
and MMS (Magnetospheric Multiscale Satellite) satellites, as discussed in chapter 8.
They also reported an observation of large-amplitude, nonlinear electrostatic structures,
identified as electron phase-space holes, during magnetic reconnection experiments
on VTFE. The holes are positive electric potential spikes, observed on high-bandwidth
(2 GHz) Langmuir probes: see figure 6.11. They observed a localized (three-dimen-
sional) onset of magnetic reconnection in a well-diagnosed laboratory experiment.
After the onset, the reconnection spreads toroidally to the rest of the device, connecting
their results to recent observations of solar flares. The reconnection is observed only
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when the magnetic geometry permits a global mode structure outside the reconnection
region. We discuss the implications of the onset for current continuity, provide a simple
semi-empirical model for the gross features of the onset, and describe the interchange-
like character of the global mode.

Table 6.1 on page 114 summarizes major devices dedicated to the study of the
physics of magnetic reconnection. The three-dimensional aspects of magnetic recon-
nection have been studied in two linear devices (Stenzel et al., 2003; Gekelman et al.,
2007), the Rotating Wall Experiment (Bergerson et al., 2006) and the Reconnection
Scaling Experiment (Furno et al., 2007), which were partially used for the study of
magnetic reconnection, in particular line-tying effects.

6.3.3 TREX facility

A relatively new large device was built recently to access the regime of electron pres-
sure anisotropy. The Terrestrial Reconnection EXperiment (TREX) is a newly built
dedicated reconnection experiment and is now being operated using the 3 m diameter
spherical vacuum vessel of the Madison Plasma Dynamo Experiment (MPDX). The
TREX is also leveraged by an earlier MPDX experiment in which dynamo physics was
being studied (http://plasma.physics.wisc.edu/trex).

It is considered that in a collisionless plasma, electron pressure anisotropy develops
in the electron diffusion layer, which strongly influences the properties of the reconnec-
tion process in ways not accounted for in traditional Hall reconnection. This indication
has already been found by Ren et al. (2005). Spacecraft observations and kinetic simu-
lations show that large-scale electron jets/current layers are driven by electron pressure
anisotropy that builds in the reconnection region. Compared to Hall effects, the pressure
anisotropy occurs at a much smaller scale and is more sensitive to micro-fluctuations.
An extension of the research is needed to evaluate the role of the pressure anisotropy
in particle heating. A good comparative study between laboratory results and space
observations, such as by MMS, is expected from this device. Their goal is to expand
the operation regime in the phase-space diagram for reconnection experiments. Just
like in FLARE (see section 6.3.4) to be built at PPPL, a pulsed operation TREX will
reach the regime of turbulent reconnection involving multiple X-lines.

6.3.4 FLARE facility

The FLARE device (Facility for Laboratory Reconnection Experiments; http://flare.
pppl.gov) is a new laboratory experiment constructed at Princeton for studies of mag-
netic reconnection in multiple X-line regimes directly relevant to space, solar,
astrophysical, and fusion plasmas, as guided by a reconnection phase diagram (Ji and
Daughton, 2011). The first plasma operation was successfully conducted to validate its
engineering design and to demonstrate its experimental access to the parameter space
beyond its predecessor MRX (http://mrx.pppl.gov). The main goal of this device is to
extend the reconnection research frontier to much larger system sizes, measured in units
of the ion kinetic scale. Most of the work on reconnection in the past, both numerical
and experimental, investigated relatively small systems (< 100 ion kinetic scales d;).
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Table 6.1. Dedicated experiments for reconnection research.

Facility names

Main features

Main references

3D-CS at Linear geometry, Frank (1974),
GPI, Russia strong guide field Frank et al. (2005, 2006)
EMHD Linear geometry, Stenzel et al. (1982),
reconnection, strong guide field Gekelman et al. (2007)
LAPD at UCLA
TS-3/4/6 at Plasma merging, Yamada et al. (1990),
U. Tokyo compact toroids, Ono et al. (1993, 1996)
spherical torus
MRX at PPPL Driven reconnection, Yamada et al. (1997a, 2010, 2016a),
plasma merging Jietal. (1998, 2004, 2008)
SSX at Plasma merging, Brown (1999),
Swarthmore compact toroids Brown et al. (2002, 2006)
VTF at MIT Strong guide field, Egedal et al. (2000, 2012),
particle dynamics Fox et al. (2010)
RSX at LANL Plasma merging by Furno et al. (2007)
injection, generation
of 3D current channel
RWX at Linear geometry, Bergerson et al. (2006)
Wisconsin reconnection in

Laser driven

line-tied plasma

High-B plasma merging,

Nilson et al. (2006),

US, UK, China strong electron Fox et al. (2020)
heating
TREX at Collisionless http://plasma.physics.wisc.edu/trex
Wisconsin reconnection (2018-)
FLARE at Large size, multiple https://flare.pppl.gov
PPPL reconnection, plasmoid (2019-)

reconnection

High-performance computing capabilities have enabled researchers to extend the size
of simulation domains, especially in two dimensions, uncovering new secondary (plas-
moid) instabilities of thin current sheets that lead to new nonlinear regimes of fast
reconnection. However, most of the natural space and astrophysical systems moti-
vating reconnection research have even larger sizes. This huge separation of scales
motivates the scaling problem of reconnection research: How can we extrapolate the
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knowledge gained from studies of relatively small- and intermediate-size systems, both
laboratory and numerical, to the universe?

6.3.5 Reconnection in high-S plasmas

Generally speaking, magnetic reconnection takes place when the magnetic energy of
a plasma system significantly exceeds the plasma’s kinetic or thermal energy
(Wp > W,), since excess magnetic energy tends to be converted to kinetic energy
through reconnection. Reconnection phenomena in solar flares, the magnetosphere,
and low-$ magnetically confined fusion plasmas are such examples. However, mag-
netic reconnection can occur in the wide regime of plasma beta values g = 1076109,
Even in high-B systems (W, > Wp), magnetic reconnection often plays an important
role. Nilson et al. (2006) presented measurements of magnetic reconnection and strong
electron heating at the electron current layer in plasmas created by injecting two closely
focused heater beams on a planar foil target. The two plasmas typically collide and stag-
nate, and for laser spot separations of about seven focal spot sizes, two very distinct,
highly collimated jets were observed. The azimuthal magnetic fields that are generated
by a Biermann mechanism from a VT, x Vn, mechanism around each laser-heated col-
umn (the Biermann effect) were also observed using proton deflectometry. The exper-
imentally observed plasma flows and magnetic field convection, high electron tem-
peratures, and jet formation are consistent with magnetic reconnection processes that
happen in the current layer between the two columns. The acceleration and heating
mechanisms are unique in this experiment, with Thomson scattering measurements in
the reconnection layer showing high electron temperatures of 1.7 keV.

The experiment used the Vulcan laser at the Rutherford Appleton Laboratory, UK.
The experiment is shown in figure 6.12. Two laser beams, with wavelengths of
1.054 pm, irradiated either an aluminum or a gold target foil. A square pulse of 1ns
duration was used with an average energy of 200J per heating beam. The targets were
3-5 mm foils of 20-100 um thickness. Each beam was focused using f = 10 optics to a
focal spot diameter of 30-50 zum, giving an incident laser intensity of 1 x 101> W/cm?.
The two laser beams were aligned with varying on-target separations.

The observed electron temperature in the reconnection layer is surprisingly high
since there is no direct laser heating in this region. If the midplane interaction consisted
of a standard collision, it would be ion heating that dominated the interaction. The
electrons gain energy subsequently through electron—ion equilibration. However, the
timescale over which this occurs is many nanoseconds. We measure high electron tem-
peratures that cannot be reconciled to electron—ion equilibration alone or compressional
heating (this is not an efficient plasma compression geometry). This therefore indicates
another energy source. Such a source would need to supply energy to the electrons at
a sufficiently high rate that it was not simply radiated away. The only source available
with sufficient free energy that could be provided at such a rate is the conversion of
magnetic energy into plasma thermal energy through a reconnection mechanism.

Recently, using a similar technique, a very-high-aspect-ratio current sheet was cre-
ated during forced merging of high-8 plasmas generated by laser beam irradiation
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Figure 6.12. The target geometry and field configurations. The two plasmas collide and
reconnect, and for laser spot separations greater than about seven focal spot sizes, two
very distinct, highly collimated jets were observed. [From Nilson et al. (2006).]

(Fox et al., 2020). Their special experimental geometry allowed a unique reconstruc-
tion of the magnetic field, which showed a reconnection current sheet that thinned down
to a half-width close to the electron gyroscale (8 ~ 100) with an aspect ratio of 100.
Despite the large aspect ratio, the current sheet in this large-8 plasma was stable for
a long period. A large fraction of the magnetic flux was observed to be reconnected,
suggesting that fast reconnection is caused by the electron pressure tensor effects. This
experiment will be discussed again in chapter 13 in the context of dynamo action gen-
erated by a pressure tensor.

6.4 MAIN FACILITIES DEDICATED TO RECONNECTION STUDY

There have been more than a dozen experimental devices built to study magnetic recon-
nection. Table 6.1 summarizes major facilities dedicated to the study of the physics of
magnetic reconnection and most of them have been described in this chapter.



Chapter Seven

Recent observations of magnetic reconnection

in solar and astrophysical plasmas

7.1 FEATURES OF MAGNETIC RECONNECTION IN
SOLAR FLARE ERUPTIONS

In this section we present the typical features of magnetic reconnection observed in
solar flares, together with the historical development of physical explanations and more
recent interpretations. Typical eruptions of solar flares or CMEs (coronal mass ejec-
tions) eject 10''-10'3 kg of mass and 10%°—10%3 erg of energy as the kinetic energy of
bulk plasma and radiated photon energy (Chen, 2017). While the energy source was
presumed by many researchers to be a magnetic field at the solar surface, the physical
mechanisms of solar eruption and CMEs have been a major problem in solar research.
The concept of coronal energy buildup and storage can be traced to Carrington (1859)
who recorded that the observed sunspots showed no signs of change before, during, or
after the white-light flare and that the brightening appeared to occur above the sunspot
group. He concluded that the energy of the flare was stored in the corona. The form of
stored energy was not specified at that time. With the later discovery that sunspots con-
tained strong magnetic fields, it was conjectured that the energy of eruption was in the
magnetic field. Giovanelli (1946) proposed an original idea that the merging or anni-
hilation of oppositely directed magnetic field lines—magnetic reconnection—could
release energy stored around the sunspot magnetic field to power solar flares, as men-
tioned in the introductory chapter of this book. The concepts of merging of sunspots
or current loops of opposite magnetic polarity were proposed to explain flare energy
release. Giovanelli considered that magnetic energy generated by electric current was
caused by the differential rotation of the footpoints. However, modern observations find
that their movement and their speed of rotation, or the rate of current injection, are too
slow to explain accumulation and a sudden release of magnetic energy.

It is difficult to directly measure magnetic field-line evolution in the solar corona.
There is a basis that magnetic field-line reconnection is happening all the time, through
time evolution of photographs taken through optical, ultraviolet, and soft-X-ray emis-
sions. Owing to the nature of plasma, which tends to move together with magnetic
field lines (flux freezing), magnetic field configuration can be deduced from these pic-
tures. Thus there is ample evidence for a change of magnetic field topology in the solar
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Figure 7.1. Schematic description of the pre-flare magnetic field in early flare mod-
els. (Left) Quadrupolar model of Sweet (1958). (Right) Bipolar model of Carmichael
(1964), Sturrock (1966), and Sturrock and Smith (1968). The drawings are from Sweet
(1958) and Sturrock and Smith (1968). The plus and minus signs are added to mark the
flux polarities.

atmosphere. To describe magnetic reconnection in solar flares, let us start with the
Sweet model discussed in chapter 3 (figure 3.2). The drawing on the left in figure 7.1
depicts the well-known pre-flare magnetic field configuration considered in Sweet’s
model. It shows the configuration that Sweet described would be formed by the mag-
netic fields of two identical dipolar, active flare arcs merging close together. In this
model, by pushing the two arches against each other, a current sheet is formed at their
interface between the two vertical legs of oppositely directed fields. Figure 7.1(left)
portrays the two opposite magnetic fields being compressed and sandwiching the cur-
rent sheet interface. In this quadrupole pre-flare field configuration, the field lines are
closed and connected to the solar surface. Because all the reconnecting field lines are
tied to the solar surface, the heating and particle energization by reconnection should
make “four” flare ribbons through heat and particle transport, forming a pair of ribbons
at the feet of the reconnected field lines on each of the quadrupole foot lines. Recent
observations, however, have found that major flares typically have only two ribbons
instead of four, indicating that Sweet’s idea is not supported by most observations.
Moore et al. (2011) concluded that the early flare model sketched on the left-hand side
of figure 7.1 was not exactly correct.

So another natural idea was to have only a single bipolar active region, as proposed
by Carmichael (1964) and Sturrock (1966). This would build an inverted-Y open field
configuration having a vertical current sheet at the interface between the two opposite-
polarity opened legs of the magnetic arch, as shown in the right-hand schematic of
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figure 7.1. The buildup is supposed to continue until there is enough free energy in the
stretched opened field for a major flare. Then reconnection takes place in the current
sheet, invoking a topology change. The reconnection of the open field lines makes both
(1) closed field lines that are released downward, building a growing flare arcade that
heats a flare ribbon at each foot and (2) open-field U loops that are released upward,
propelling a large chunk of plasma (plasmoid) into the outer corona, generating a solar
wind. In the model proposed by Sturrock, the ejected plasmoid was more like what
would later become known as a CME.

7.2 DEVELOPMENT OF THE STANDARD SOLAR FLARE MODEL
AND MAGNETIC RECONNECTION

Satellite observations indicate that the core magnetic field contains free magnetic energy.
When the system becomes globally unstable or is deformed by an external force, the
magnetic energy can be transferred to the plasma through transition to another equilib-
rium state of lower magnetic energy. This situation can induce a magnetic reorganiza-
tion and cause the core field or even the entire arcade to erupt. Major flares typically
occur in strong-field regions where the magnetic pressure is much greater than the pres-
sure of the surrounding plasma.

7.2.1 Pre-eruption configurations

In the chromosphere and low altitude coronae, the pressure of the plasma is negligible
in the overall force balance of the pre-eruption field. Figure 7.2 shows a pre-eruption
arcade standing alone in the absence of any other appreciable overarching field rooted
around it. In this case, the core field is partly restrained from expanding upward by
the downward pull of its own field lines. While the eruptions are indeed explosive
releases of magnetic energy, no current sheet of a size comparable to that of the overall
pre-eruption field configuration was visible. Thus, it was considered by many that the
reconnection current sheet was too small compared to the overall size of the erupting
field. One question is how the buildup of dipole field is made until there is enough free
energy in it for a major flare. The schematics in figure 7.2 depict in three dimensions
a popular scenario among solar physicists (Moore et al., 2011) for the eruptions that
produce major flares and major CMEs. In most solar eruptions that produce major
flares, whether or not the eruption produces a CME, the field that erupts is a bipolar
arcade that is basically of the form sketched in the right-hand panel of figure 7.1. When
one observes the two-dimensional structure of the pre-eruption arcade from the top, the
field lines over the arcade’s neutral line (on the surface) appear to be strongly sheared
and twisted so that they roughly trace the neutral line and typically have an overall
sigmoid form, like that shown in figure 7.2.

The twist in the arcade’s field changes with distance from nearly parallel to per-
pendicular to the central neutral line or the inversion line. The pre-eruption core field
often holds a filament of chromospheric-temperature plasma. The filament is suspended
along nearly horizontal field lines that thread the filament and are strands of what
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Figure 7.2. Sketches for the evolution of a 3D configuration of the driving magnetic
field in major flare/CME eruptions. Only a few representative field lines (solid curves)
are drawn. The dashed curve is the magnetic polarity inversion line on the photosurface
(when it is observed from the top). The cross-hatched elongated feature in the first panel
is a “filament” of high-density cool plasma suspended in the sheared core field. The
filament plasma is often seen in the erupting core-field flux rope, but is not shown in
the other panels for clarity of the field configuration. The shaded areas are flare ribbons
at the feet of reconnection-heated field lines. The ragged arc in the background is the
chromospheric limb of the sun. [From Moore et al. (2011).]

basically amounts to a flux rope (not shown) that runs the length of the sigmoid. The
core field is directed nearly parallel to the neutral line, while the outer field-line con-
figuration appears nearly orthogonal to the neutral line. A careful study of field lines
at typical pre-eruption field sites through images of chromospheric and coronal images
shows that the arcade evidently has a magnetic equilibrium just like we observe in
low-g toroidal fusion plasmas, that of the RFP (reversed field pinch) as described in
chapter 2, figure 2.8. These configurations generally satisfy near force-free equilibrium
conditions, j x B ~ 0 (section 3.3). In the middle of the arcade, the field direction near
the plasma core is nearly parallel to the neutral line (central line) and the field direction
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Figure 7.3. Comparison of the (CSHKP) concept with observation. (a) Yohkoh SXT
image of a flare. (b) Schematics of the CSHKP configuration for the event [from Shibata
et al. (1999)].

changes only gradually toward perpendicular to the neutral line with some distance
from the neutral line: a typical profile of a toroidal pinch plasma such as an RFP and
spheromak (Yamada et al., 2010). At the early phase of the arcade, there is no evidence
of a specific localized current sheet visible inside the arcade. Most of the current corre-
sponding to the arcade’s near force-free equilibrium appears to be smoothly distributed
throughout the core field (Heyvaerts et al., 1977; Moore et al., 2011).

7.2.2 Standard model of coronal mass ejection

As mentioned in chapter 2, the current prevailing model is attributed to the concept
of Carmichael, expanded by Sturrock, Hirayama, and Kopp and Pneuman. Much sub-
sequent work has been made to refine this concept, which is often referred to as the
Carmichael-Sturrock—Hirayama—Kopp—Pneuman (CSHKP) model or the “standard
model” of solar flares (Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp and
Pneuman, 1976). In this model, the initial structure is typically specified as an arcade.
This model is based on an upward surge of the low-8 plasma configuration described in
figure 7.2. Similar structures have been considered for prominence formation with the
sheared arcades producing flux ropes via reconnection. Within this framework, promi-
nences are often thought of as current sheets or flux ropes within arcades, supported by
the repulsive Lorent force from the image currents in the photosphere against gravity
and the downward magnetic tension of the arcade field, and if the tension is reduced or
removed, prominences erupt upward because of this repulsive force. Figure 7.3 shows a
qualitative comparison of the CSHKP concept with observation: (a) is a Yohkoh image
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(a) (b)

Figure 7.4. (a) Field-line configuration at a relaxation phase at t =450 (simulation unit
time). The configuration experiences a major disruption. (b) Out-of-plane current den-
sity (the darker the stronger) in a vertical cut in the central plane during the reconnection
phase at ¢t =450. [From Amari et al. (1999).]

of a flare in soft X-rays (Masuda et al., 1994), compared with (b) which is a pictorial
interpretation based on the CSHKP concept.

A variety of simulations have been carried out, based on the CSHKP concept, to
study the eruption of arcades caused by specified footpoint motions. They showed that
such motions can result in a response to the emergence of erupting flux through the pho-
tosphere after a slow buildup of magnetic energy. For an example, a three-dimensional
resistive MHD (magnetohydrodynamic) simulation was carried out to describe the
topological evolution from an initial current-free arcade to a current-carrying flux rope
due to a prescribed footpoint motion at the solar surface (Amari et al., 1999). In this
model, a current sheet is formed below the flux rope, and reconnection occurs accord-
ing to specified resistivity, leading to the reduction of the overlying field and allowing
the evolving flux rope to rise. An S-shaped configuration, as observed in soft-X-ray
sigmoid structures, cannot stay in equilibrium and a considerable amount of magnetic
energy is released during its disruption.

As shown in figure 7.4, the magnetic topology of the configuration reveals several
interesting features through a set of field lines that form an island through which runs
the twisted flux rope, and field lines defining a vertical finite-size reconnecting region,
and a set of arcades close to the boundary that reform as the reconnection goes on (and
that may represent post-flare loops in this model). Reconnection occurs (within their
numerical resolution) in the vertical current sheet. Unlike in two-dimensional axisym-
metric studies, in this three-dimensional model, the twisted flux rope is an essential
ingredient at the origin of the disruption. In their three-dimensional study, a majority
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(90%) of the energy accumulated during the shearing plus emerging flux phase was
observed to be released. Although the detailed magnetic field structures may be differ-
ent from model to model, the basic process described by CSHKP models is basically the
same ‘“‘quasi-static” slow build up of magnetic energy in the corona and a sudden “cut”
of the tethering field by magnetic reconnection to release a large component of plasma,
a toroidal-shaped “plasmoid.” While it is difficult to identify and measure the precise
features of the magnetic reconnection layer in the solar atmosphere, two-dimensional
neutral-sheet-like patterns have sometimes been recognized through soft-X-ray satellite
images of solar flares, but their exact magnetic profiles are unknown. It appears that a
reconnection process is underway throughout this area based on the sequence of high-
energy-electron flux hitting the footpoints at the photosphere. In order to describe the
observed fast reconnection rate (Yokoyama et al., 2001) by the Sweet—Parker model,
and to explain the apparent fast flux transfer, strongly enhanced plasma resistivity had
to be employed.

7.3 BREAKOUT MODEL WITH A MULTIPOLAR
MAGNETIC CONFIGURATION

Another concept often popular among solar flare physicists is a breakout model. In the
modeled processes of breakout, a forced reconnection is driven by a complex multi-
polar magnetic configuration, including an energized low-lying coronal structure with
a sheared arcade of coronal loops and a high-lying arcade of opposite polarity, with a
magnetic null point sandwiched in between. The null and the surrounding separatrix-
fan structure are locations in favor of current concentration and magnetic reconnection.
Figure 7.5 shows a multipolar geometry constructed to illustrate the key components
of a magnetic-breakout setup. According to both two- and three-dimensional numer-
ical simulations of magnetic breakout, reconnection can occur when the lower-lying
sheared arcade starts to rise, thereby compressing the current layer around the null to
be thin enough (Antiochos et al., 1999, 2002).

As a result of the reconnection, flux is transferred from the restraining arcade to
neighboring, nonrestraining side lobes and effectively reduces the restraining force act-
ing on the sheared arcade, leading to a successful eruption. In the right-hand panel of
figure 7.5, a representative soft-X-ray picture of such an event in a CME is shown and
it can be described by a breakout model.

7.3.1 Observed chromosphere jets and magnetic reconnection

The Hinode satellite (Shibata et al., 2007) reported the ubiquitous presence of chromo-
spheric jets at inverted-Y-shaped exhausts outside sunspots. As presented in chapter 2,
they are typically 2,000 to 5,000 km long and 150 to 300 km wide, and their velocity
is 10 to 20 km/s. It was suggested that magnetic reconnection similar to that seen in
the corona occurs at a smaller spatial scale throughout the chromosphere and that the
heating of the solar chromosphere and corona may be related to small-scale reconnec-
tion. Coronal X-ray jets are a subclass of the solar eruptions that can occur when a
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Figure 7.5. (a) 3D image for a typical breakout configuration and (b) a pre-eruption AIA
(Atmospheric Imaging Assembly) image of our event. Panel (a) shows key breakout
components, including the central arcade, side lobes, and overlying arcade. The straight
arrow points to the magnetic null. Field lines undergoing reconnection across the null
are cusp-like. [Adapted from Chen et al. (2016b) and a color figure and more detailed
description are found in https://aasnova.org/2016/05/18/reconnection-on-the-sun/.]

small bipolar magnetic arcade, a miniature active region, emerges in the feet of a high-
reaching unipolar field, such as the ambient field in a coronal hole or in one leg of a
large-scale (~ 100,000 km) coronal loop. In two different ways, both involving recon-
nection with the ambient field, magnetic energy can be explosively released to eject
plasma up into the corona along the ambient field. If the eruption makes the ejected
plasma hot enough to be seen in coronal X-ray movies, such as from the Hinode X-Ray
Telescope (XRT), the eruption is observed as an X-ray jet (Shibata et al., 1992). If
the ejected plasma is heated only to subcoronal temperatures, the ejection cannot be
seen in coronal X-ray images but can be seen in extreme UV (EUV) images and/or
in visible-wavelength chromospheric (e.g., Hy) images and is then called an EUV or
chromospheric jet, or macrospicule (Shibata et al., 2007; see also figures 2.2 and 2.3).
Many of the X-ray jets that occur in the sun’s polar coronal holes are blowout jets, but
two-thirds are of another type, the type that was first recognized and, until recently,
was generally thought to be the only type (Shibata et al., 1992). In contrast to blowout
X-ray jets, in these most common X-ray jets—standard X-ray jets—the interior of the
emerging arcade remains quasi-static and stable as the jet is produced (Shibata, 2016).

7.3.2 A recent simulation with a new interpretation

Magnetically driven eruptions on the sun’s surface, stellar-scale CMEs, and the small-
scale plasma jets shown in figure 7.5 with X-rays, have frequently been observed to
involve the ejection of the highly stressed magnetic flux of a so-called “filament.” The-
oretically, these two phenomena have been thought to arise from different mechanisms:
CME:s from an ideal (nondissipative) process and coronal jets from a resistive process
involving magnetic reconnection. However, Wyper et al. (2017) have recently proposed
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Figure 7.6. Schematic of the breakout process: (a)—(d) in CMEs and (e)—(h) in break-
out jets. Time increases from left to right. The gray spheres in (a)-(d) represent the
entire solar surface and the gray sheets in (e)—(h) a local patch of the surface. Dark
gray lines show separatrices (or quasi-separatrices) dividing different regions of the
magnetic field. The black twisting lines show the core of the filament (or flux rope), the
thick black lines in the bottom figures (f) and (g) denote the current sheet, and the thick
black lines in (b), (c), (d) represent the flare current sheet. [Adapted from Wyper et al.
(2017).]

from new observations that all coronal jets are driven by plasma ejection with the for-
mation of a current sheet, just like large mass ejections (Masuda et al., 1994). Based
on the breakout model, it was suggested that the two phenomena may have physically
similar origins and hence that a single breakout mechanism may explain them; that
is, either CMEs arise from reconnection, or jets arise from a breakup of plasma due
to an ideal instability. They reported simulation results of a coronal jet driven by fila-
ment ejection, whereby a region of highly sheared magnetic field near the solar surface
becomes unstable and erupts. The results show that magnetic reconnection causes the
energy release via “magnetic breakout,” or a close relationship between plasma fila-
ment ejection and reconnection. They concluded that if CMEs and jets are of the same
physical origin, despite being in different spatial scales, then magnetic reconnection
(rather than an ideal process) must also underlie CMEs, and that magnetic breakout is
a universal model for solar eruptions.

Wyper et al. (2017) demonstrated through their three-dimensional simulation work
how the main stages of their breakout jet compare with their large-scale breakout mod-
els for CMEs. The critical physical difference between the two configurations is the
role of expansion. They thought that in CMEs it was difficult, with either observa-
tions or simulations, to separate the effects of the ideal and resistive processes and
to determine definitively the mechanism of eruption. In contrast, in coronal jets the
background field is strong and the ideal expansion was thought to be suppressed. The
closed-field region in their simulation simply lacks sufficient free energy to push aside
the surrounding field and open ideally. We note that in figure 7.6 the closed-field region
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expands only marginally throughout the event. In their simulation, the sharp increase
in kinetic energy and the explosive jet are due solely to a rapid magnetic reconnection
caused by ideal motion of unstable plasma inside the half-sphere-shaped plasma. How-
ever, as we will learn in the next section, a global MHD “tilt” mode would also induce
such reconnection inside the separatrix, a conclusion that can be tested by the recently
launched Parker Solar Probe.

7.3.3 A new Princeton model

A well-accepted reconnection scenario for standard X-ray jets was first suggested by
Shibata et al. (1992) from the anemone structure and development of X-ray jets obser-
ved in coronal X-ray snapshots and movies from Yohkoh. Recently, Wyper et al. (2017)
carried out a numerical simulation based on a similar concept. A new model has been
recently developed by the author of this book. This new model is schematically shown
by the sequence of drawings in figure 7.7, the first of which shows the pre-eruption field
configuration for a half-sphere-shaped force-free plasma (for a spheromak, see Yamada
etal., 1981) confined in the background of a coronal hole field. A polarity inversion line
appears around the magnetic axis (toroidal null line) of the emerging arcade. Then, as
the inner sphere is elongated upward due to the slow emergence of flux from the solar
surface, this spheromak-like configuration becomes unstable to a tilt mode (Latham
et al., 2021). As the inner configuration tilts, a current sheet develops between the
emerging closed field lines and the ambient open field, and magnetic reconnection takes
place near the top null point. The reconnection site is characterized by a tilted X. In
the final schematic, the reconnected field lines expand upward, and a plasma jet is
generated with bursts.

A current sheet develops between the emerging closed field and the opposing ambi-
ent open field where reconnection takes place. During this phase, a burst of reconnec-
tion occurs and produces the jet. In figure 7.7(b), a bipolar arcade is emerging into an
ambient unipolar field of opposite polarity. Due to a tilt motion, the direction of the
internal field lines becomes opposite to the outside ambient field impacted against it,
a current sheet is formed at their interface, and reconnection occurs. When the current
sheet grows to be extensive enough, the global self-organization (reconnection) begins
as depicted. The reconnection releases plasma upward, sending the reconnected field
lines that make the spire of the jet upward, and releases downward closed reconnected
field lines that build an arcade of hot “flare” loops over the neutral line at the top of the
original arcade.

7.3.3.1 Recent numerical simulation work

A spheromak is one of the well-explored fusion configurations which, in the low plasma
pressure limit, is basically a simply connected force-free magnetic vortex. In a simply
connected closed plasma system, the turbulent plasma tends to relax into a sphero-
mak configuration (Taylor, 1986) with an equilibrium given by V x B = uB, where
w=(j - B)/B? is a spatial constant along and across field lines (Yamada et al., 1981).
Experimentally, a spheromak can be formed by inductive coils or a magnetized coaxial
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Figure 7.7. Princeton model: A sequence of schematics illustrating the field configura-
tion, tilting, reconnection, and plasma ejection for X-ray jets. (a) The field configuration
is a half-sphere-shaped force-free plasma confined in the background of a coronal hole
field. A polarity inversion line appears around the circular null line of the magnetic
axis of the emerging arcade. (b) As the inner sphere configuration is extended and tilts,
an unstable current sheet develops between the emerging closed field and the ambi-
ent open field (where reconnection takes place), where oppositely directed field lines
merge. The reconnection site is shown in an expanded insert. (c) As the reconnected
field lines expand upward, a plasma jet is generated with bursts. [ Yamada et al. (2020)]

gun. This spheromak is unstable against a tilt mode, as it tends to flip to align its mag-
netic moment with the background magnetic field. This mode is stabilized when the
spheromak is partially embedded onto the solar surface just like the magnetic topology,
similar to that of the solar anemone shown in figure 7.7.

Recently, using a three-dimensional numerical simulation code (HYM code, Belova
et al., 2000), Latham et al. (2021) have investigated the time evolution of the character-
istics of the tilt mode for a line-tied spheromak, relevant to coronal jet formation. The
vector plots in figure 7.8 show plasma flow velocities, and the contours show velocity
magnitude normalized to Alfvén velocity. The lines display the magnetic field depicted
by (Bg, Bz) components in the plane. In this simulation, plasma jets are formed with
up to the Alfvén velocity as an inner magnetic configuration tilts against the surround-
ing background field. This work is a good example of a past approach in laboratory
experiments contributing to the understanding of astrophysical phenomena.

74 MAGNETIC RECONNECTION OCCURS IMPULSIVELY

There is a commonality among all these eruptive reconnection phenomena. Namely,
these global reconnection (magnetic self-organization) phenomena almost always occur
unsteadily or impulsively. In laboratory fusion plasmas, the magnetosphere, and solar
flares, reconnection is seen to occur suddenly with very fast semi-Alfvénic speed after
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Figure 7.8. The vector plots show flow velocity and the contours show velocity mag-
nitude normalized to Alfvén velocity. Black lines display magnetic field depicted by
(Br, Bz) components in the plane. (a) The top reconnection region is marked with a
rectangular box, and the X-point is located near the center of the box. (b) The zoomed-
in plot shows the reconnection region in higher resolution. The outflow velocity reaches
as high as V4. [From Latham et al. (2021).]

a long flux buildup phase. Fast reconnection leads to an impulsive global topology
change or global magnetic self-organization phenomena. Impulsive global reconnec-
tion takes place after a gradual change of equilibrium that builds up sufficient free
energy to induce motion of the plasma or topological changes. It is conjectured that
this phenomenon can occur in active solar arcade flares. A slow change of equilibrium
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drives a plasma to an unstable regime and then drives a global magnetic self-
organization, leading to eruptions. In solar flares, reconnection sites are often identi-
fied with hard-X-ray emissions near the top of solar flare arcades during CMEs or near
the top of a half-sphere-shaped magnetic configuration (such as in a coronal hole). The
reconnection speed was almost always measured to be much faster than the Sweet—
Parker rate.

We can hypothesize that global magnetic self-organization phenomena in both toka-
mak sawtooth crashes and solar flares share a common process. After a long period of
flux buildup, a plasma configuration becomes unstable and a sudden change of mag-
netic configuration occurs, resulting in a newly connected global plasma. This leads
to a large electric field along the magnetic field lines and acceleration of electrons
to superthermal energy. Indeed, in reconnection events in both solar flares and toka-
mak sawteeth, we observe a significant amount of high-energy (runaway) electrons and
X-rays. A careful comparative study of tokamak sawteeth and RFP relaxation events
should illuminate this important magnetic self-organization phenomenon. We will dis-
cuss magnetic self-organization in tokamak and RFP plasmas in chapter 9.

7.4.1 Limitation of MHD models for reconnection in solar flares

It should be noted here that the dynamics of the reconnecting current sheets can be
kinetic in nature even on the sun’s surface. In the recent MHD simulations for solar
flares, including those with adaptive mesh refinement, the reconnection mechanisms
and speed are due to prescribed resistivity or numerical diffusion. A fundamental gap
between such simulations and real situations may be that the known physical length
scale of collisionless reconnection can be as small as the ion skin depth or ion gyro-
radius of plasma (10-100 m), which are smaller by many orders of magnitude than
the scales of observed eruptions (length scale of 10°~10° km) or even apparent current
sheets (10>~10% km). A timescale of tens of minutes in eruptive processes in the corona
compares to a kinetic timescale of 1/w.; ~ 10~7=1073 s. Dynamics on the even smaller
electron inertial length can also be important. However, since it is almost impossible
to verify the local kinetic physics of the reconnection region in the solar flare, using an
effective resistivity is the only way at the moment to describe fast magnetic reconnec-
tion in solar coronae. Also, we note that while the detailed physical mechanisms are
described in two dimensions in the above-mentioned MHD models, the actual recon-
nection dynamics are expected to be different in a three-dimensional description.

7.4.2 Initial results from a new solar satellite, the Parker Solar Probe

In August 2018, NASA’s Parker Solar Probe (PSP) launched into space and has become
the closest ever spacecraft to the sun. With new advanced instruments to measure the
environment around the spacecraft, the PSP has completed the first few of 24 planned
passes through never-before-explored parts of the sun’s atmosphere and extended coro-
nae. Many new data sets are being analyzed now. It was found that the majority of the
ejected plasma jets encountered around the closest approach to the sun were Alfvénic
structures associated with bursty radial jets. Although it has been suggested that these
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Alfvénic structures may be driven by reconnection in the lower corona, the majority of
these current sheets appeared not necessarily tied to local reconnection sites. The ini-
tial observations from the PSP from the first perihelion pass revealed large numbers of
positive spikes in radial velocity that may be revealing the underlying structure of the
development of the solar wind. The spikes were bursty and had an Alfvénic structure
with a dominant directionality of the perturbed magnetic field, as reported at the 2019
and 2020 American Geophysical Union meetings.

On the other hand, the spacecraft can be magnetically connected to a coronal hole
during the closest approach to the sun, and one possible source of these spikes is mag-
netic reconnection between the open field lines in the coronal hole and an adjacent
region of closed flux. Collaborating with particle-in-cell simulations, more detailed
analysis will be carried out.

Most recently, Phan et al. (2020) have analyzed the data from the PSP, which shows
the presence of heliospheric current sheets (HCSs). They are represented by a wide
spectrum of switchbacks of the radial components of solar magnetic fields emitted
from the sun, which should often imply a toroidal current on site: VBg = uJg. The
data show that the occurrence of reconnection in the inner HCS near the sun (29.5—
107 Rs, where Rg is the radius of the sun) appears to be much more frequent than at
1 AU near the earth, and reconnection seems to be very active at close distances from
the sun. Five out of six well-defined full HCS crossings displayed accelerated flows, as
well as field-line-topology signatures that are consistent with active reconnection in the
HCS (Szabo et al., 2020). It remains to be seen how the inner heliosphere reconnection
properties change as PSP gets even closer to the sun.

7.5 A MODEL OF MAGNETIC RECONNECTION IN THE CRAB NEBULA

In an intriguing observation reported in Science News (Tavani et al., 2011) in 2011,
the Fermi Gamma-Ray Space Telescope recorded repeated outbursts of high-energy
gamma rays emanating from the center of the Crab Nebula over a period of several
days (see figure 7.9). The observed energy range of up to 10'> eV challenges the con-
ventional theory for particle acceleration through shocks and the gamma-ray emissions
from astrophysical plasmas that result.

Magnetic reconnection is often considered to play a significant role in the accel-
eration of charged particles to ultra-relativistic energies on astrophysical scales. If it
happens, the reconnection electric field should be induced by the flows of merging
plasmas and would be of order v x B, where v is a typical global MHD plasma flow
velocity and B is a typical magnetic field strength. The maximum energy of parti-
cles accelerated by this field should be expressed as vBL, where L is a characteris-
tic length scale of the reconnection layer. Figure 7.10 presents the maximum electron
energy observed in laboratory plasma experiments and in space astrophysical plas-
mas with respect to vBL. The scaling works for reconnection experiments in which
(i) E=vBL=(1-5x 10% m/s)(0.03 T)(0.2 m) = 60-300 volts for the solar corona, (ii)
E =vBL=(10°m/s)(0.01 T)(10%m) = 10 volts is consistent with observed 1GeV
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Figure 7.9. X-ray photo of the central core (toroidal shape) of the Crab Nebula. The
inner central core is made of electron—positron plasmas. [From NASA/CXC/SAO.
Copyright: http://chandra.harvard.edu/photo/image_use.html.]
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Figure 7.10. The maximum particle energies observed or estimated for lab and astro-
physical systems plotted versus vB L, where v, B, and L are typical values of velocity,
magnetic field, and linear size of the plasma system, respectively. The original figure
was presented at the US—Japan Workshop on Magnetic Reconnection in Tokyo (2000)
by M. Makishima. Laboratory experimental data are from MRX, SSX, and TS-3.
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gamma rays, and (iii) £ ~ 100 volts ~ vBL = (108 m/s)(10~7 T) (10" m) for measured
emission from high-energy electrons in the electron—positron (pair) plasma near the
core of the Crab Nebula.

It was proposed that charged particles can be accelerated near the center of the Crab
Nebula (shown in figure 7.9) by magnetic reconnection when magnetic fields are vio-
lently rearranged. Nonthermal electron—positron (pair) plasmas are known to be abun-
dant in many astrophysical environments from pulsars to quasars, as well as in our own
galaxy and in supernovae remnants such as seen in the Crab Nebula. Electron—positron
pair production has been the subject of many studies in astrophysics, as well as in theo-
retical, computational, and experimental physics (Hibschman and Arons, 2001). There
is a plausible possibility that magnetic reconnection in the periphery of the toroidal
core plasma in the Crab Nebula could generate a sufficient electric field to produce
high-energy particles (Uzdensky et al., 2011). We can consider the possibility that mag-
netic reconnection is responsible for acceleration of plasma particles at a reconnection
layer on the outer edge of the Crab Nebula. Magnetic field lines, like Parker spirals
stretched from the sun, can form a reconnection layer as a result of merging of oppo-
sitely directed field lines. While reconnection layers can be formed between different
solar winds, they should extend in the radial direction and should accelerate particles
to the 10'® eV range, as schematically shown in figure 7.11.

Let us describe the situation in more detail. A pulsar wind nebula is sitting in the
core of the Crab Nebula remnant (Rees and Gunn, 1974; Kennel and Coroniti, 1984a,b;
Uzdensky, 2011; Uzdensky et al., 2011). The plasma there is not a remnant as it is of the
original supernova explosion but is continuously being supplied and energized by the
pulsar—the neutron star that is left over after the original massive star has exploded.
By rapidly rotating (~30ms in the Crab Nebula), the strongly magnetized pulsar is
considered to continuously produce highly relativistic (electron—positron) pair plasma
that forms an outgoing, ultra-relativistic, magnetized pair-plasma wind from the pulsar
(similar in many ways to the solar wind, with its Parker-spiral magnetic field and a
ballerina-skirt equatorial current sheet; see figure 7.11). This winds flows out to about
0.1-0.3 parsec, where it goes through a termination shock (similar to the heliospheric
termination shock). This shock marks the inner boundary of the pulsar wind nebula
(Uzdensky et al., 2011). Magnetic reconnection is proposed there as shown in figure
7.11 (Yamada, 2012). The pair flow beyond the shock slows down to subsonic speeds,
heats up, and accelerates nonthermal particles. The result is the toroidal pulsar wind
nebula (the core of the photo shown in figure 7.9), a cloud of ultra-relativistically hot
pair plasma (which came from the pulsar), turbulent and magnetized, and about a par-
sec across. It shines brightly across the whole electromagnetic spectrum, mostly via
synchrotron radiation. This nebula, namely its magnetic field, expels regular, colder
electron—ion plasma from its volume, and does not let the electron—ion plasma from
the surrounding region enter (Uzdensky, 2011).

By carefully comparing results from simulations, space satellites, and laboratory
experiments, we may be able to achieve real progress in determining the role of mag-
netic reconnection physics in distant astrophysical objects. For this goal, we look for
anew generation of magnetic reconnection experiments on a large-scale device that will
enable investigation of magnetic reconnection in collision-free plasmas and
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Figure 7.11. Schematic views of a magnetic reconnection layer considered in an accre-
tion disk of the Crab Nebula. Multiple neutral sheets extend radially toward the outside,
generating high-energy particles by the reconnection electric field.
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simultaneously help us to understand the physics of energy conversion from magnetic
to particles.

7.6 NOTES ON FAST COLLISIONLESS RECONNECTION IN SPACE
ASTROPHYSICAL PLASMAS

Notable progress has been made in the last several decades in understanding the dynam-
ics of magnetic reconnection in solar flares as well as in astrophysical plasmas, based
on MHD theory. However, in solar flare plasmas, the ion skin depth is in the range
1-100 m, with the mean free path of electrons ranging between 100 and 1,000 km.
This satisfies the conditions for a collision-free plasma. In an idealized collision-free
reconnection layer such as seen in the magnetosphere, the driven reconnection layer
becomes comparable to the ion skin depth (c¢/wp;) and ions become demagnetized
while electrons remain magnetized. The relative flows of electrons against ions in the
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reconnection plane can generate a strong j, X B force due to the Hall effect. This Hall
field, which contributes to the enhanced electric field perpendicular to the reconnection
plane, can be considered responsible for speeding up the rate of reconnection, provid-
ing a partial answer to the very important question of why reconnection occurs so fast.
We will address this problem in the next chapter.

Let us take another example: magnetic energy release in the solar corona. The large
number of electrons accelerated or heated in solar flares, far more than could be sup-
plied by the neighborhood of a single X-point, is evidence for local-global plasma cou-
pling (see chapter 9). We have seen that many of these problems could be addressed by
a mechanism that broadens the reconnection region, which is small in both MHD and
two-fluid models. Thus we are looking for reconnection dynamics beyond the idealized,
classical, single quasi-stationary X-line geometry, and exploring more realistic, highly
dynamic reconnection regimes characteristic of large systems, such as those found
in most space and astrophysical environments. These complex regimes feature mul-
tiple X-lines, plasmoid and flux rope formation due to secondary instabilities, and the
self-consistent emergence of turbulence and accompanying coherent structures under a
variety of plasma conditions. This theme has emerged in the last several years as the
new paradigm of how magnetic reconnection really happens in natural plasmas. Under-
standing the generation and influence of secondary reconnection instabilities is one of
the important goals in modern reconnection research, as described in chapter 14.



Chapter Eight

Recent observations of magnetic reconnection in

space astrophysical plasmas

8.1 MAGNETIC RECONNECTION LAYER IN THE MAGNETOSPHERE

Since the magnetosphere is a very important test ground to investigate the characteris-
tics of two-fluid reconnection, let us study here more in detail this feature of the earth’s
magnetospheric reconnection. Magnetospheres are magnetic structures discovered dur-
ing the space age by satellite-borne instruments that made possible physical measure-
ments in distant regions previously not accessible. The earth’s magnetosphere was the
first one discovered: it laps around the earth with a radius of 60,000-120,000 km, which
is 10-20 times the earth radius. It then became clear that magnetospheres are ubiqui-
tous in space. In our solar system, the sun’s coronal atmosphere is typically 10°K
or 100 eV, and dynamic, so it expands into space. The expanding solar coronal atmo-
sphere is called solar wind and consists mostly of hydrogen (~95% H™) and helium
(~ 5% He?*) ions and an equal number of electrons in a plasma state. Since this plasma
is a good electrical conductor and magnetic fields decay slowly in conductive plasma,
it was immediately verified that the solar wind carries solar magnetic fields with it into
space. Space is therefore filled with magnetized plasma. All of the planets immersed in
the solar winds are interacting with them all the time. The electromagnetic interaction
induces large-scale currents and forms magnetic cavities around magnetized planets.
These cavities are called magnetospheres. Except for Mars and Venus, which do not
have intrinsic magnetic fields, the planets in our solar system all have magnetospheres.
This chapter will focus on magnetic reconnection in the earth’s magnetosphere, which
has all of the elements to characterize a planetary magnetosphere.

Magnetic reconnection in the magnetosphere, particularly at the dayside magne-
topause, is especially important for a number of reasons. One is that it occurs naturally
at one of the closest space places to the earth. It can be measured in situ using satel-
lites with the greatest detail of any naturally occurring reconnection phenomenon. In
collaboration with dedicated laboratory studies of reconnection and its numerical sim-
ulations, significant progress has been made in understanding collisionless magnetic
reconnection, which is observed at the magnetopause and in the magnetotail. Another
reason magnetospheric reconnection is important is because of its direct impact on the
earth through its role in space weather. Without reconnection, the transfer of material
and energy from interplanetary space to the magnetosphere would be minimal, and
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Figure 8.1. A schematic of the earth’s magnetosphere showing both the dayside and
the nightside. Reconnection layers are formed at the magnetopause and the tail lobes,
which are occupied by the magnetic field lines that connect to the two polar regions
of the earth. The energy and plasma in the outer terrestrial region are intermittently
released into the inner magnetosphere during magnetic substorms. [Figure from https://
ase.tufts.edu/cosmos/print_images.asp?id=29.]

the earth’s magnetic field would largely shield the earth from the charged particles
in space. Actually, reconnection happens here and changes the connectivity of mag-
netic field lines, allowing the transfer of material and energy from interplanetary space
to the magnetosphere. This transfer of energy and material is known to cause many
problems for people on the earth, including power outages; satellite failures impacting
global positioning system (GPS), communications through cell phones, and navigation;
increased drag on satellites; harm to astronauts; and negative impacts on airline com-
munication for planes. The characteristics of reconnection at the dayside, therefore,
play a crucial part in determining how strongly interplanetary space couples to the
magnetosphere. Therefore, predicting space weather to the level where it can be miti-
gated requires a thorough understanding of reconnection at the dayside magnetopause
(Cassak and Fuselier, 2016).

The magnetosphere is generated when solar wind meets the dipole field of the earth.
Figure 8.1 is a schematic of the magnetosphere, showing it on both the dayside and
nightside. The magnetopause is the boundary that separates the geomagnetic field and
the solar-wind plasma, as described in chapter 3. On the dayside magnetopause, pres-
sure balance is maintained between the incoming solar winds and the earth’s magnetic
field. Ampere’s law applied across the boundary shows that currents have to flow (out of
the plane of the page) in the boundary sheet shown in the figure. On the nightside of the
magnetosphere, there is a magnetotail in which the magnetic field lines stretch behind
the earth in a direction away from the sun. A current sheet is also formed between
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the tail lobes and is occupied by the magnetic field lines that connect to the two polar
regions of the earth. It is considered that solar-wind plasma and energy are injected into
the magnetosphere and then released from it through magnetic reconnection processes.

8.2 OBSERVATIONAL STUDIES OF MAGNETIC RECONNECTION
IN THE MAGNETOSPHERE WITH THE AID OF
NUMERICAL SIMULATIONS

Observations of reconnection by satellites in the magnetosphere had already begun in
the 1970s. The twin-spacecraft International Sun—Earth Explorer (ISEE) mission car-
ried plasma instrumentation with the necessary time and space resolutions. Initial in
situ measurements were made (Russell and Elphic, 1979; Paschmann et al., 1979; Son-
nerup, 1981) which showed evidence of magnetic reconnection at the magnetopause
and also indicated that it could be localized in space and intermittent in time in the
form of so-called flux transfer events or FTEs. Similarly, early evidence for the occur-
rence of reconnection in the magnetotail was provided by in situ measurements in the
plasma sheet by the Vela and IMP satellites (Hones Jr, 1977).

For direct comparison with observations, it is convenient to use a boundary nor-
mal (LM N) coordinate system, as defined in the upper left of figure 8.2 (Fuselier and
Lewis, 2011). The maximum change in the magnetic field occurs across the current
sheet in the N-direction, which is normal to the current sheet. The M-direction is along
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Figure 8.2. Structure of the two-scale diffusion region of the reconnection layer in the
magnetotail. The features are from a 2D guide field simulation that shows the parallel
electric field, which is high in the electron diffusion region (Fuselier and Lewis, 2011).
There is some amount of guide field in this situation. Estimated thicknesses and widths
of electron and ion diffusion regions are shown in skin depths and kilometers for typical
conditions at the magnetopause (MP) and in the magnetotail (tail). Plasma and mag-
netic field inflows symmetrically from the top and the bottom and are accelerated out
of the two sides. Other features include out-of-plane Hall fields and energetic electrons
flowing along the separatrices. This figure should be self-similar to Figure 5.6.
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the reconnection line, often called the X-line. Plasma flows into the reconnection region
at equal rates from the top and bottom (parallel and antiparallel to the N-direction) and
“jets” of plasma on reconnected field lines flow out of the left and right sides (parallel
and antiparallel to the L-direction).

It is very difficult to directly measure the spatial profiles of the reconnection region
in the magnetosphere because the number of measuring locations by satellites is lim-
ited. However, thanks to the recent advanced data analysis of cluster satellites in coor-
dination with numerical simulations, more precise features of the reconnection layer
have been measured, as we will see in later sections. Surprisingly, the measured char-
acteristics are consistent with the two-dimensional profile calculated by recent PIC
(particle-in-cell) simulations.

8.2.1 Observation of Hall effects in the magnetosphere

As already described in detail in chapter 5, the two-fluid dynamics of reconnection,
which are illustrated in figure 5.6, predict the presence of strong Hall effects due to the
decoupling of electron flow from ion flow. In a collisionless neutral sheet such as is
seen in the magnetosphere, this situation is equivalent to magnetized electrons pulling
magnetic field lines in the direction of the electron current, thus generating an out-of-
plane quadrupole field. In the magnetopause, the two-fluid physics of magnetic field
reconnection was analyzed in terms of the ion diffusion region of scale size ¢/wp; ~
100 km in the subsolar magnetopause (Mozer et al., 2002). The detailed data are shown
in figure 5.11 in which a sizable Hall field By ~ 0.55Bx( was measured (where By
is the reconnection magnetic field). More recently, a reconnection electric field was
carefully studied to deduce a reconnection speed when a satellite flew through the ion
diffusion region (Mozer and Retino, 2007).

About the same time as the aforementioned Mozer et al. (2002) report, evidence of
Hall effects was reported through the detection of a quadrupole By field after analyz-
ing the data from Geotail skimming along the dayside magnetopause in January 1997
(Deng and Matsumoto, 2001). Another report of the out-of-plane quadrupole field was
made from the data from the Wind satellite, which traveled in the reconnection sheet of
the magnetotail (@ieroset et al., 2001).

Since we have already described the observation of two-fluid reconnection at the
magnetopause in chapter 5, let us look at the case for a magnetic reconnection layer
in the magnetotail in this chapter. @ieroset et al. (2001) reported on a direct encounter
with an ion diffusion region in the magnetotail by the Wind spacecraft. Figure 8.3(a),
(b) illustrate the diffusion region and the Wind trajectory schematically, which was
deduced by comparing magnetic and plasma parameters with two-dimensional numer-
ical simulation. The right-hand side presents measured ion density, ion velocity, and
magnetic field components obtained as the spacecraft traversed the diffusion region.
The Cartesian coordinate system is commonly used in space data analysis as shown in
figure 8.3: X is toward the earth, Y is the direction along the reconnection line (nor-
mal to the page), and Z is the direction normal to the (reconnecting) magnetotail current
sheet. In figure 8.3 (right), the trajectory across the entire diffusion region is recognized
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Figure 8.3. In situ detection of collisionless reconnection in the earth’s magnetotail.
(a) Reconnection geometry in the magnetotail where bidirectional reconnection jets
were observed. (b) Blow-up of the reconnection region showing the spacecraft tra-
jectory through the ion diffusion region, including the observed Hall magnetic fields.
(Right column: top to bottom) Observations of an ion diffusion region in the tail: plasma
density, earthward—tailward flow velocity, three components of the magnetic field. As
the spacecraft passed through the ion diffusion region, out-of-plane Hall fields were
observed. This magnetotail reconnection event had a substantial guide field. [Adapted
from Gieroset et al. (2001).]

in the reversal of Vx as the spacecraft first encounters an earthward flowing jet and
then a tailward flowing jet. The Hall magnetic field structure is highlighted in the By
panel, first in the reduction of the average By field (noted as out-of-plane components)
and then in its increase. The Hall fields are not symmetric about zero because of the
presence of a guide field. Because this measurement involved only a single spacecraft,
the only way to estimate the size of the diffusion region is to determine the duration
of the encounter and to assume that the reconnection X-line was stationary with the
spacecraft moving through it at its known velocity of ~ 1 km/s. Using this assumption,
@Dieroset et al. (2001) estimated that the ion diffusion region width was 1,300 km or
about 2 ion skin depths. Since the actual width depends on the motion of the reconnec-
tion line relative to the spacecraft during the encounter, there is some ambiguity in this
measurement.
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Figure 8.4. See Color Plate 4. Electron distributions measured by MMS. With fast
particle measurements, the MMS mission has measured how electron dynamics evolve
in the reconnection layer. The data in the circles show the distribution of electrons (in
color), with velocities from 0 to 107 m/s, carrying current out of the page on the left-
hand side of the X-line and then flowing upward and downward to the exhaust regions
along the reconnected magnetic field on the right-hand side. The most intense fluxes
are red and the least intense are blue. The plot in the center shows magnetic field lines
and out-of-plane currents derived from a 2D numerical plasma simulation using the
parameters observed by MMS. [From Burch et al. (2016b).]

8.3 ELECTRON-SCALE MEASUREMENTS OF THE RECONNECTION
LAYER IN THE MAGNETOPAUSE

To further advance understanding of magnetic reconnection up to the electron scale in
space, NASA developed and launched the Magnetospheric Multiscale Satellite (MMS)
mission in March 2015. Flying in a tightly controlled formation of four satellites, the
MMS spacecrafts collected data from the magnetopause, where the IMF (interplanetary
magnetic field) and the earth dipole field reconnect. They successfully made detailed
measurements of the plasma properties and the electric and magnetic fields in the recon-
nection region. Because the reconnection dissipation region at the magnetopause is
considered to be so thin (a few kilometers) and moves rapidly back and forth across
the spacecraft (10 to 100 km/s), high-resolution measurements were needed to capture
the microphysics of reconnection. They made critical measurements to provide three-
dimensional electron distributions with a timescale of 30 ms, or a space resolution of
less than 3 km, as shown in figure 8.4.

In order to make major progress in the study of the two-fluid physics of colli-
sionless reconnection in space, they extended the measurements to the electron scale
and made accurate three-dimensional measurements of electric and magnetic fields
together. Electron-scale kinetic physics in the region around the reconnection site (or
the X-line), where field-line breaking and reconnection occur, has not previously been
investigated experimentally in space, owing to insufficiently detailed measurements.
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Our knowledge of this region at the electron scale mainly came from computer sim-
ulations (Hesse et al., 2014; Chen et al., 2016a) and laboratory experiments (Yamada
et al., 2014). The higher resolution of MMS measurements in both time and space rel-
ative to previous missions provided major advantages for investigating the cause of
reconnection by resolving the structures and dynamics within the X-line region.

Here, let us look in detail at their magnetopause measurements, made during the
first science phase of the mission, following the content of their first report (Burch
et al., 2016b). For this phase, the region of interest was identified at geocentric radial
distances of 9—12Rg (70,000 km from the earth), during which all instruments were
operated at their fastest cadence. The four spacecraft were maintained in a tetrahedral
formation, with separations variable between 160 and 10 km in the initial phase. By 14
December 2015, the spacecraft had crossed the magnetopause more than 2,000 times.
On the basis of the detection of plasma jetting and heating within the magnetopause
current sheets, they concluded that at least half of the crossings encountered magnetic
reconnection regions. Most crossings occurred in the reconnection exhaust downstream
of the X-line, but a few of them passed very close to the X-line. The data for one of these
events (16 October 2015, 13:07 UT) are presented here as an example of the electron-
scale measurements of the reconnection diffusion/dissipation region around an X-line.

The data set obtained by MMS generated the following important progress in the
understanding the electron dynamics: (i) By cross-correlation of the sequence of signals
from 48 diagnostic components from the four satellites, they could make a plausible
estimate of their flight path with the aid of two-dimensional numerical simulations. This
worked surprising well and was an important achievement! (ii) Three-axis electric and
magnetic field measurements with accurate cross-calibrations allowed measurement of
spatial gradients and time variations. (iii) All-sky plasma electron and ion velocity—
space distributions were measured with a time resolution of 30 ms for electrons and
150 ms for ions. The mission was conducted in two phases, the first (2015-16) targeting
the dayside outer boundary of the earth’s magnetosphere (the magnetopause) and the
second (2017-18) targeting the geomagnetic tail, for which the apogee is raised to
25REg ~ 150,000 km.

Figure 8.4 (see Color Plate 4) presents typical electron distribution functions mea-
sured by MMS in the reconnection layer during a typical magnetopause crossing. With
high-resolution fast particle measurements, MMS measured how the electron dynam-
ics shown by the electron velocity distribution profile evolve in the reconnection layer.
The data in the circles show electrons with velocities from 0 to 107 m/s carrying current
out of the page on the left-hand side of the X-line and then flowing upward and down-
ward along the reconnected magnetic field on the right-hand side. The most intense
fluxes are red and the least intense are blue (figure 8.4 in Color Plate 4). The plot in
the center shows expected magnetic field lines and out-of-plane currents derived from
a two-dimensional numerical simulation using the parameters observed by MMS. The
observed features agree remarkably well with the electron flow vector data obtained in
MRX (Yamada et al., 2014). We will discuss this comparison in chapter 12 in more
detail.

Figure 8.5 (Color Plate 4) shows data from the MMS2 satellite during two
encounters with the magnetopause over a period of about two minutes. The assumed
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Figure 8.5. See Color Plate 4. Summary data for two magnetopause crossings of MMS2
on 16 October 2015. The crossings are shown by the vertical blue dashed lines. Panel
data include (a) magnetic field vector components, (b) energy—time spectrogram of
ion energy flux, (c) energy—time spectrogram of electron energy flux, (d) total plasma
density, (e) ion flow velocity vectors, (f) magnitudes of electron and ion convection
velocities, (g) current computed from velocity moments of ions and electrons, (h) cur-
rent computed from V x B, (i) parallel and perpendicular (to B) electron temperatures,
and (j) electric field vectors. In the very-low-density region to the left of the first ver-
tical blue dashed line, spacecraft charging effects on plasma moment calculations may
affect the data. Diagram (k) to the right is the result of a numerical plasma simulation
using parameters from the magnetopause crossing centered on 13:05:52 UT. Spatial
coordinates in the diagram are shown both in kilometers and in ion diffusion lengths
L (d;). The color scale indicates Jy, the current density (current in the out-of-page
plane). [From Burch et al. (2016b).]

magnetopause crossing times are denoted by two pairs of vertical blue dashed lines.
The diagram on the right-hand side shows the “estimated” two-dimensional struc-
ture of a magnetopause in which asymmetric reconnection is occurring, taken from
a two-dimensional numerical plasma simulation and shown for the observed magne-
tosheath and magnetospheric conditions of the entire MMS magnetopause crossing at
13:05:30 UT. The diagram shows the northward magnetic field on the magnetosphere
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(earth side) side of the boundary and the southward magnetic field on the magne-
tosheath side. The shear angle between the magnetosphere and magnetosheath mag-
netic fields was very large (~ 170 degrees), implying a crossing with a low guide field
or almost antiparallel.

The converging plasma flows carry the two nearly oppositely directed magnetic
field domains toward each other. An X-line directed normal to the plane of the diagram
denotes the small region in the reconnection plane where the field lines are expected to
reconnect, and this X-line can extend from hundreds to thousands of kilometers in the
east—west direction (Phan et al., 2000), which is why a large number of exhaust regions
are typically crossed by spacecraft near the magnetopause. Another reason why recon-
nection events are routinely observed is the presence of the exhaust jets (red arrows)
flowing northward and southward from the X-line and the nearby dissipation region
(or diffusion region). Although the results of reconnection are readily (Burch et al.,
2016b) observed with measurements at the fluid and ion scales, field-line reconnection
is considered to occur within the electron dissipation region. The color scale in the
plasma simulation result in figure 8.5 shows the plasma current normal to the plane
of the picture (Jj7), which is nearly all due to fast-moving electrons generated by the
reconnection process. Strong Jys values (shown in green) are highly localized at the
dissipation region and X-line.

The approximate path of the MMS tetrahedron, based on the plasma and field mea-
surements, is shown by a blue dashed curve. According to the space physics conven-
tion (see figure 8.2), boundary-normal coordinates (L, M, N) are used, with L being
the reconnection field-line direction, N the normal to the boundary and away from the
earth, and M normal to the L—N plane (east- or westward). These directions were deter-
mined from a minimum variance analysis of the magnetic field data during the flight
time between 13:05:40 and 13:06:09 UT. Because the velocity of the magnetopause is
approximately 100 times the spacecraft velocities, the MMS path shown is produced
entirely by the motion of the magnetopause along L and N. For the magnetopause
crossing centered at 13:07 UT, it is concluded that the spacecraft traversed both exhaust
jet regions and passed through the dissipation region between them. To confirm this,
flow reversal of the ion jet flow was observed near 13:07 UT when the reconnecting
magnetic field (By) component was close to zero, suggesting that the spacecraft was
in close proximity to the X-line. The red highlight bar at the top of figure 8.5(e) shows
this reversal. Another important indicator for a dissipation region is the enhancement
of Ej (the out-of-plane reconnection electric field), which is shown by the green trace
in figure 8.5(j). The size of the E ), bursts at more than 10 mV/m is substantially (10
times) larger than the correction due to X-line motion. There are also strong Ey com-
ponents bracketing 13:07 UT, which are electric fields pointing outward and normal to
the magnetopause, as predicted by simulations.

Figure 8.6 shows the 4 seconds of data marked with the red bar in figure 8.5(e)
of MMS2 data near the X-line. Figure 8.6(a) shows that a deep magnetic field min-
imum occurred just after 13:07:02.4 UT and (b) shows a strong plasma current (js)
starting at 13:07:02.1 UT (on the magnetosphere side of the X-line) and extending
through the minimum magnetic field. Panel (c) shows vector electric fields. Inside the
Jjm current layer, the Ex component, which points outward from the magnetopause



144 CHAPTER 8

z~
o E
S
=%
E
£
23
“E
E
=
ufz
£
w =
E
wE
L3 .
5 .
1000 o
v S |
A A ke serrrarprterraies | W4
v & - .
2 2% (1 | E
o £ ) . L . L L . . . : : ! | L
T g L S E et e e PR e S UL SR P P )|
O%wo;.,!:ﬂ- e e g e e e - 1: 1
2 10E (i)t i i i 7 L i i i i " i i gus "1o°

Seconds .600 .800 .000 .200 400 .600 .800 .000 .200 .400 .600 .800 .000 .200 .400
20150ct16 00 01 02t 03
1307:

Figure 8.6. See Color Plate 5. MMS2 plasma and field data on 16 October 2015. (a)
Magnetic field vector components, (b) currents from plasma measurements, (c) electric
field vector, (d) comparison of the M-componentof E and V. x By, (e) E, (f) j - E "
Plot (f) shows clearly that the reconnection dissipation is caused by the strong jy
current multiplied by the E; electric field, which are perpendicular to B. The quantity
J - E' > 0 provides a form of signature for a reconnection dissipation region as shown in
MRX laboratory experiments (Yamada et al., 2014, 2018). Panels (g) to (i) are energy—
time spectrograms of electrons moving parallel, perpendicular, and antiparallel to the
local magnetic field direction, respectively. [From Burch et al. (2016b).]

as described above, is the strongest. It is also noteworthy that E; (the reconnection
electric field) is negative, as is the jjs current. Panel (d) shows a comparison between
E)y and V, x Byy. There is excellent agreement except near the dissipation region. This
verifies that in the electron frame just outside the X-region, electrons are frozen to mag-
netic field lines, namely flux freezing is working for the electron fluid, as discussed in
chapter 5: Eyy =~ (Vo X B)y.

Figure 8.6(e) shows the electric field component parallel to B, which is strongest in
the region of the Jy; plasma current. Panel (f) shows j - E’, where E'=E +V, x B,
along with its parallel and perpendicular components. The plot in panel (f) shows
clearly that the reconnection dissipation is caused by the strong jj; current and E s
electric field, which are perpendicular to B in the dissipation region as B is domi-
nated by By in that region. As reconnection is expected to convert magnetic energy
to heat and the kinetic energy of electrons, the observation that j - E' > 0 provides a
form of signature for a reconnection dissipation region as shown in the MRX labora-
tory experiment (Yamada et al., 2014, 2018). Shown in panels (g) to (i) are energy—
time spectrograms of electrons moving parallel, perpendicular, and antiparallel to the



OBSERVATIONS IN SPACE PLASMAS 145

local magnetic field direction, respectively. In the region of dissipation (13:07:02.15 to
13:07:02.29 UT), the parallel fluxes shift to lower energies, the perpendicular fluxes
rise in intensity and shift to lower energies, and the antiparallel fluxes remain at high
energies. All of the fluxes drop to lower magnetosheath levels after exiting the dissipa-
tion region.

8.3.1 Summary of messages from MMS data in the magnetopause

Using measurements of plasma currents and reconnection electric fields, MMS data
have shown that the energy dissipation expressed by j, - E’ spikes up in the vicinity
of the X-line, as predicted for the dissipative nature of reconnection. Their results are
remarkably in agreement with earlier, laboratory results obtained on MRX (Yamada
et al., 2014, 2015). Another important finding from MMS is that the flux freezing prin-
ciple, Ey ~ (V. x B)y, holds well for the electrons outside the narrow electron dissi-
pation region.

Electron distribution functions obtained by MMS were found to contain character-
istic crescent-shaped features in velocity space, indicating a drift of electrons in the
out-of-plane direction. This was predicted by the results from MRX (see figure 5.7(d))
and is evidence for the demagnetization and acceleration of electrons by an intense
electric field near the reconnection X-line. MMS has directly determined the current
density based on measured ion and electron velocities, which allowed the resolution
of currents and associated dissipation on electron scales. These scales are smaller than
the spacecraft separation distances and hence smaller than currents that can be deter-
mined by V x B. The X-line regime exhibits a region of electron demagnetization and
acceleration (by both Ex and Ejs), which results in intense Jj; current that is carried
by the crescent-shaped electron distributions. Kinetic simulations, as well as laboratory
results (Yamada et al., 2014), had predicted some elements of the crescent distributions
near the X-line.

The MMS measurements have led to discoveries about the evolution of electron
acceleration in the dissipation region, as well as the escape of energized electrons away
from the X-line into the downstream exhaust region. The latter was detected by the
two MMS spacecraft located on opposite sides of the X-line, as shown in figure 8.4.
The observed structures of the normal electric field and electron dynamics near the
X-line by the four spacecraft are highly variable spatially and/or temporally, even on
electron scales. Among the implications of this MMS observation is the confirmation
that the X-line region is important not only for the initiation of reconnection (break-
ing of the electron frozen-in condition), but also for electron acceleration and ener-
gization, leading to much stronger electron heating and acceleration than seen in the
downstream exhaust. The details of the electron distribution functions, which show the
rapid transition (within 30 ms) of the perpendicular crescent distributions to parallel
crescents, provide experimental evidence for the opening up of reconnected magnetic
field lines while also demonstrating that it is the electron dynamics that drive recon-
nection of magnetic field lines. Through the actual three-dimensional analysis using
advanced space technology and laboratory experiments, MMS and MRX together have
demonstrated that the essence of three-dimensional magnetic reconnection occurring in
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Figure 8.7. Illustration of a typical symmetric EDR in the LM N coordinate system and
the expected properties in the various quadrants (Q1 to Q4), together with the inferred
relative path of the MMS satellites as the X-line retreated tailward. [From Torbert et al.
(2018).]

space plasmas can be well described by two-dimensional analysis made by numerical
simulations and laboratory experiments. Further cross-disciplinary study should lead to
a more accurate picture of magnetic reconnection.

84 ELECTRON-SCALE DYNAMICS OF THE SYMMETRIC
RECONNECTION LAYER IN THE MAGNETOTAIL

The MMS mission focuses on investigating two reconnection regions that exist around
the earth: the dayside magnetopause and the nightside magnetotail, which are in quite
different plasma parameter regimes. As described in the previous section, during the
first phase of MMS (2015-16), its four spacecraft investigated the reconnection region
in the dayside magnetopause, where the inflow conditions are highly asymmetric, with
different plasma and magnetic pressures in the two inflow regions. In its second phase
(2017-18), MMS explored the kinetic processes of reconnection (Torbert et al., 2018)
in the earth’s magnetotail, where the inflow conditions are nearly symmetric, and the
available magnetic energy per particle is more than an order of magnitude higher than
on the dayside. While the plasma density is much smaller, we note that the amount
of magnetic energy per particle in the magnetotail is comparable to that of the solar
corona, where magnetic reconnection also occurs.

On 11 July 2017, MMS encountered an EDR (electron diffusion region) where
it detected tailward-directed ion and electron jets, followed by earthward-directed jets,
spanning a reversal of essentially the north—south component of the magnetotail
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Figure 8.8 (see Color Plate 5). MMS3 plasma and field data for the interval 22:34:00 to
22:34:08 UT on 11 July 2017 are shown. (a) Magnetic field components in the LM N
coordinate system. (b) Electron omnidirectional spectrogram, with minimum energy
set at 50eV (to avoid the lower-energy spacecraft photoelectrons). (c) Electron bulk
velocity. (d) L-components of V, and E x B/ B2. (e) Current from plasma measure-
ments. (f) Parallel and perpendicular electron temperatures T and 7, . (g) Electric
field. (h) J - E’. (Here, electric and magnetic omnidirectional frequency spectrograms
are omitted from the original paper.) In this MMS data, current density is expressed by
J, while lowercase j is used for most of this book unless specifically defined. [Adapted
from Torbert et al. (2018).]

magnetic field By (figures 8.7 and 8.8) in an intense current sheet (large out-of-plane
electron velocity V,ps). The LM N coordinate system was again used to orient the data
to the usual two-dimensional view of the magnetic field near a reconnection X-line
(figure 8.7(J)), with L in the outflow direction, M along the X-line, and N normal to
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the current sheet (north-south direction). The out-of-plane guide field ratio Bys/ By, for
this event is estimated to be small (<0.1). The spacecraft were in the magnetotail at
a radial distance from the earth of 22 earth radii. Four-spacecraft timings of the flow
and field reversals indicate that the structure moved away from the earth with velocity
Vi ~ 170 km/s. These are signatures of a tailward retreat of the reconnection X-line
past the spacecraft, as indicated by the MMS path in figure 8.7.

Figure 8.8 (Color Plate 5) shows MMS3 field data for the interval 22:34:00 to
22:34:08 UT on 11 July 2017. Except for a brief excursion to the edge of the inflow
region, seen in a small perturbation in magnetic field components (beginning at
22:34:00 UT) due to a flapping of the current sheet, the spacecraft stayed close to the
neutral sheet (By =0 plane), indicated by small values of By (~0 to 2nT) during the
flow and field reversal. These observations are consistent with crossing both ion and
electron diffusion regions, an identification that is supported by the profiles of the ion
and electron flows: Vs peaked at ~ 15,000 km/s, within an order of magnitude of the
electron Alfvén speed, which is approximately 20,000 to 25,000 km/s. Starting from
the X-line (at the V,; and B reversal location) and going left and right in figure 8.8,
the electron perpendicular outflow speed V,r increased and greatly exceeded the ion
speed. While the ion outflow speed V;, increased with increasing distance from the X-
line, V, reached a peak (~ 7,000 km/s), before slowing and approaching the ion flow
speed at ~ 22:33:50 before, and ~ 22:34:20 after, the X-line. Thus, at the ends of the
ion diffusion region, the ion and electron outflow velocities are expected to match. The
end of the EDR, on the other hand, marked by the departure of V,; from E x B/ B2,
was confined to a much smaller distance from the X-line, where the electron density
reached a symmetric minimum of 0.03 cm™3. This means that the diffusion is confined
to the EDR of 70-100 km in length (the electron inertial length d, ~ 30 km).

The above results are again consistent with the experimental results obtained in
MRX (Yamada et al., 2014) for symmetric reconnection, as well as recent simulations.
Although J, - E'| is mostly positive throughout the period shown in figure 8.8, there are
some regions with negative values, indicating that the electrons are transferring energy
to the electromagnetic field, as also seen in simulations (Zenitani et al., 2011). A value
of Ep ~ 1 to 2mV/m (as seen in figure 8.8(g)) is notably smaller than Ey and fluc-
tuation components. The electrons were eventually turned toward the L- (or exhaust)
direction by By as they exited the EDR, forming the electron jet seen in figure 8.8(c) on
either side of the X-line. The electron temperature profile in (f) shows strong anisotropy
from 1.0 to 2.8 s, due to magnetic-field-aligned electrons in the inflow region. During
the EDR crossing, there was a small rise (of a few hundred electron volts) in parallel
and perpendicular temperatures (the parallel and perpendicular pressures divided by
ne), unlike the case of asymmetric reconnection (Burch et al., 2016b), implying that a
substantial fraction of the energy conversion went into the strong electron flows in the
M- (out-of-reconnection-plane) and L- (outflowing) directions.

In summary, the MMS observations of the magnetotail reconnection EDR show that
it differs from the dayside because it involves symmetric inflow. The aspect ratio of the
diffusion region (0.1 to 0.2) determined by MMS is consistent with two-dimensional
simulations of collisionless reconnection carried out earlier. It is rather surprising to
observe that MMS observations of electron dynamics in the diffusion region match
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predictions that are nearly laminar, as if we can assume that the effects of three-dimen-
sional turbulence and associated fluctuations on the electron dynamics are small. It
was found that electrons can be accelerated by the reconnection electric field to higher
values than the case of the magnetopause, possibly as a consequence of longer confine-
ment in the symmetric magnetic structure or due to lower-density conditions. Taken
together with MMS observations at the magnetopause, it is remarkable to note that the
two-dimensional concept of describing magnetic reconnection works so well.



Chapter Nine

Magnetic self-organization phenomena in plasmas

and global magnetic reconnection

9.1 MAGNETIC SELF-ORGANIZATION IN PLASMAS

In the preceding chapters of this book, the physical mechanisms of magnetic recon-
nection inside or in the vicinity of the reconnection layer have been the primary topic.
Plasma dynamics in these narrow diffusion regions are extremely important in deter-
mining the rate at which magnetic fields reconnect and magnetic energy is released.
However, the dynamics of the magnetic reconnection layer do not alone decide the fea-
tures of global magnetic reconnection. Neither does global reconnection necessarily
start from these spatially localized reconnection layers. Rather, magnetic reconnection
takes place when there is a condition for a magnetic field configuration to release the
excessive energy stored in it, requiring a change of topology. Magnetic reconnection
thus invokes magnetic self-organization on global scales, often generating reconnec-
tion layers in some parts.

When an external force is applied to a plasma system, the magnetic configuration
(often slowly) changes to a new equilibrium while plasma parameters gradually adjust.
When this new state becomes unstable, the plasma reorganizes itself suddenly into a
new MHD (magnetohydrodynamic) equilibrium state of lower magnetic energy. This
process often drives magnetic reconnection by changing magnetic topology and often
forming current sheets or reconnection layers. The excess magnetic energy is converted
to plasma kinetic energy or thermal energy, and the plasma magnetically relaxes or
self-organizes to a lower magnetic-energy state. In this chapter, let us take a side step
to discuss global aspects of magnetic reconnection, focusing primarily on results from
laboratory fusion plasmas in which the global conditions are well defined and the global
and local plasma parameters are quantitatively monitored. This global view of magnetic
reconnection phenomena, magnetic self-organization, can be applied to almost all other
natural cases, such as magnetospheric reconnection phenomena, solar flares, and some
magnetic relaxation phenomena in distant astrophysical plasmas.

As shown in figure 9.1, let us consider a case in which an external energy source
is applied to a globally stable plasma. The plasma often becomes unstable and goes
through self-organization processes such as magnetic reconnection, dynamo, and mag-
netic instabilities, and then the plasma system settles into a new equilibrium state.
Typically, the self-organization processes are driven by the free energy contained in
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Figure 9.1. Evolution of magnetic self-organization. When an external perturbation or
energy source is applied to a globally stable plasma, the plasma often becomes unsta-
ble and, by going through self-organization processes such as magnetic reconnection,
dynamo, and wave turbulence, the unstable state settles into a new equilibrium state.

gradients of large-scale quantities of the plasma system. These processes involve var-
ious nonlinear phenomena that alter, or feed back on, the large-scale structure. The
processes can transport, generate, and restructure magnetic field, plasma flow, ther-
mal energy, and other quantities settling into a new equilibrium state. These process
often occur impulsively or violently. Dynamo is a plasma process opposite to magnetic
reconnection. When there is abundant kinetic energy in a plasma with respect to mag-
netic energy, magnetic fields are considered to be generated through a converse self-
organization process, a dynamo mechanism in plasma. The other magnetic instabilities
and ion heating processes involve magnetic self-organization of plasma.

It is generally believed that when the magnetic energy of a global MHD equili-
brium state is larger than the kinetic or thermal energy (low-f8 plasma), it can be
lowered by a reorganization of plasma topology, in which process magnetic recon-
nection takes place. Reconnection will stop when it no longer lowers the total magnetic
energy. It is recognized that global reconnection (magnetic self-organization) phenom-
ena almost always occur fast or unsteadily. Fast reconnection generally leads to an
impulsive global topology change or global magnetic self-organization phenomenon.
Impulsive reconnection typically occurs after the gradual evolution of the global equi-
librium builds up sufficient free energy in order to induce the motion of plasma or a
topological change.

Solar eruptions are driven by the sudden release of magnetic energy stored in the
solar corona. In many cases, it is believed that the magnetic energy that drives the
CME (coronal mass ejection) is slowly accumulated in arched structures called line-
tied magnetic flux ropes. We analyze our data based on the storage-and-release model
for solar eruptions. In this model, eruptions are triggered by a global MHD instability
in the corona rather than by dynamic fast-flux injection at the solar surface. For an
arched flux rope, the relative invariance of the solar surface condition translates to a
slow driving mechanism at the two “line-tied” footpoints. The observed eruption of the
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flux rope shows clear evidence for plasma motion caused by an ideal MHD instability,
which often generates currents sheets in and around the flux rope.

The underlying global instability for magnetic reconnection is determined by mag-
netic structures and boundary conditions. Magnetic fields in toroidal fusion plasmas
in the laboratory consist of those produced by both external and internal currents. The
magnetic energy of internal origin is free energy and is released when the plasma is
unstable. In tokamak plasmas, the internal magnetic field generated by its plasma cur-
rent is typically much smaller than the external one, while in RFP (reversed field pinch)
and spheromak plasmas they are comparable. Magnetic reconnection due to these insta-
bilities can cause only relatively small change in the magnetic field profile (or a local-
ized change in the magnetic shear) of tokamaks, while it can reorganize the whole
magnetic structure of RFP and spheromak plasmas. Significant effort has been devoted
to studies of sawtooth relaxation of these current-carrying plasmas. In the following
subsections, the relaxation phenomena in tokamak, RFP, and spheromak plasmas are
examined. The common paradigm is that “magnetic energy is stored in a magnetic equi-
librium configuration via slow adjustment of an external parameter or slow injection of
free energy, and plasma often reorganizes itself suddenly into a new MHD equilibrium
state, forming current sheets and driving magnetic reconnection.” The effects of global
boundaries on local reconnection are discussed and applications to astrophysical plas-
mas are briefly discussed. In the final section of this chapter, we will present a special
study of magnetic self-organization in a toroidal plasma arc generated in a laboratory,
and we will discuss its application in understanding solar flare dynamics.

9.2 MAGNETIC SELF-ORGANIZATION IN LABORATORY PLASMAS

9.2.1 Sawtooth reconnection in tokamaks

Magnetic reconnection can be observed in fusion research devices by measurements
of field-line rearrangement, which is caused by breaking and reconnection of mag-
netic field lines. Here we observe the evidence for reconnection during the process
of self-organization of magnetic field configuration, which consists of multiple layers
of magnetic flux surfaces made of equally pitched magnetic field lines as shown in
figure 9.2. When magnetic reconnection occurs in a certain flux surface, the pitch of
the field lines changes through breaking and reconnection of field lines. Most fusion
laboratory experiments are carried out in toroidal (donut-shaped) plasma systems that
satisfy, for the most part, the conditions for an MHD treatment of the plasma. Typical
experimental examples of magnetic reconnection are found in “sawtoothing” tokamak
fusion plasmas with large Lundquist numbers of as much as 108, They are also found
in magnetic self-organization in spheromak and RFP plasmas. Many experiments have
been carried out to investigate the physics of magnetic reconnection phenomena in
these devices, to find better control of the current-carrying plasmas. As discussed in
chapter 3, a sawtooth relaxation oscillation in a tokamak is characterized by a periodic
peaking and sudden flattening of the electron temperature (7,) profile. It presents a
typical example of global magnetic reconnection in a laboratory plasma (Kadomtsev,
1975; Wesson, 1987).
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Figure 9.2. Magnetic flux surfaces in a toroidal plasma. The axis of the toroidal plasma
core is called the magnetic axis (o =0) and (R, Z) define the radial and vertical coor-
dinates in the poloidal plane.

Evolution of magnetic flux and electron temperature profile. As shown in fig-
ure 9.2, an axisymmetric tokamak plasma consists of nested flux surfaces on each of
which T, can be assumed constant because of high parallel heat conductivity of elec-
trons. Utilizing black-body radiation from the electrons, which contains information
on the local magnetic field and local electron temperature, electron cyclotron emission
(ECE) diagnostic systems were developed to measure the 7,-profile as a function of
radial position. Since the predominant toroidal field varies as B, oc1/R with plasma
major radius R, this diagnostic provides the features of flux surfaces or electron tem-
perature contours using an equilibrium code.

q-profile measurement. The motional Stark effect (MSE) diagnostic developed by
Levinton et al. (1993) was employed to measure the magnetic pitch angle profile. This
diagnostic utilizes polarized light emission from injected neutral beam ions to measure
the poloidal components of internal magnetic fields. Hence the ¢ (r)-profile was mea-
sured, where ¢ (r) is a safety factor of the flux surface located at the specific minor
radius r, which is defined as ¢ (r) =2 /i, where ¢ is the rotational pitch angle at r,
based on an equilibrium for a circular tokamak (Wesson, 1987). The MSE diagnos-
tic system is based on polarimetry measurements of the Doppler-shifted D, emission
from a neutral deuterium-beam injection (NBI) heating line (Levinton et al., 1993).
This technique is noninvasive and nonperturbative. The field-line pitch is localized to
the geometric intersection of the field of view, with the neutral beam lines leading to
good spatial resolution of §r = 3-5 cm. If the plasma has good axisymmetric flux sur-
faces, the measured field-line pitch profile can be translated into a radial profile of the
field-line pitch, namely the reverse rotational transform, or ¢ (r), making use of toka-
mak equilibrium calculations (Yamada et al., 1994).

T,-profile measurement. The electron temperature profile in a poloidal plane of the
plasma has been derived using a rigid-body rotation model for a circular-cross-section
tokamak (Edwards et al., 1986; Nagayama et al., 1991). The sawtooth crash phase,
which takes 100-500 us, has been studied extensively with this technique (Yamada
et al., 1992), as shown in figure 9.3. By color coding the change of the electron tem-
perature (transfer of heat), a fast electron heat transfer was documented. Just before
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Figure 9.3. See Color Plate 6. Evolution of a measured central electron temperature 7-
profile on a poloidal plane during a short crash phase, and expected flux surfaces during
the same period based on MSE diagnostics. (a) Flux buildup time is typically 100 ms
and crash (reconnection) time is 100-150 us. (b) Crash phase evolution of 7,(R, Z)
over 150 us. (c¢) Shaded (gray) area shows the region of constant T, indicating field
lines that are reconnected through the reconnection region. Broken lines show the orig-
inal radius of the g = 1 flux surface. [From Yamada et al. (1994). https://mrx.pppl.gov
/mrxmovies/Sawtooth.mov]

the crash, a shrinking circular hot peak shows up and a crescent-shaped flat island
grows inside the ¢ =1 region with a kink structure of m/n =1/1. During the crash
phase, fast heat transfer from inside to outside the ¢ = 1 surface was observed and was
attributed to magnetic reconnection, i.e., heat was transferred through reconnected field
lines. The T,-profile inside the ¢ = 1 radius becomes flat after the crash, consistent with
Kadomtsev’s prediction (Kadomtsev, 1975). Does this then mean that ¢ becomes uni-
form inside the g = 1 flux surface as he suggested? We had to wait for an independent
magnetic profile measurement to answer this question.

The measured g-profiles on the TFTR (Tokamak Fusion Test Reactor) indicate
that central g-values increase by 5-10%, typically from 0.75 to 0.80, during the saw-
tooth crash phase but do not relax to unity even while the pressure gradient disappears
inside the ¢ =1 region. In this case, as well as other tokamak sawtoothing discharges
(Soltwisch, 1988), go stays below unity throughout the sawtooth cycle, contrary to
Kadomtsev’s model. The increase in the gg-value is more than the statistical error of
the measurement. Because only field-line breaking and rearrangement can make g (r)
change on such a short timescale, this verifies a magnetic field-line reconnection. We
note this result is consistent with the earlier experimental result obtained by Osborne
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Figure 9.4. Time evolution of peak electron temperature and central g-value associated
with sawtooth crash. [From Yamada et al. (1994).]

et al. (1982) using internal magnetic probes in their lower-temperature tokamak con-
figuration of noncircular cross-section.

Physical processes during sawtooth reconnection. Figure 9.4 shows time evolution
of central g-value together that of peak electron temperature. The observations raise
an important question as to why the magnetic field lines inside the ¢ =1 region do
not form a flat g ~ 1 inner region after the crash as suggested by Kadomtsev (1975),
while the temperature gradient diminishes to zero as predicted by his full reconnec-
tion theory. Simultaneous measurements of 7, (r, #)- and ¢ (r)-profile evolutions (Lev-
inton et al., 1993; Yamada et al., 1994) were made in the TFTR. It appears that the
T, (r, 0)-profile does not necessarily coincide with the g (r)-profile. Also, the central
g-value never reached unity. Based on these results, a heuristic model was proposed
for the sawtooth crash. The plasma is viewed as two concentric toroidal plasmas sep-
arated by the ¢ =1 flux surface as seen in figure 9.2. A kink mode develops due to
a strong peaking of toroidal current and displaces the pressure contours on an ideal
MHD timescale with a helical (m = 1, n = 1 poloidal and toroidal mode numbers) struc-
ture, inducing a forced reconnection at the ¢ = 1 surface in both toroidal and poloidal
directions.

Simultaneously, a rapid transfer of thermal energy occurs through the reconnec-
tion region along newly connected field lines which connect the inside and outside
of the ¢ =1 surface (Lichtenberg, 1984). The precipitous drop of the pressure gradi-
ent, which occurs within a short period of 100-200 s << TSweet—Parker femoves the free
energy to drive the kink instability, inhibiting the full reconnection process proposed
by Kadomtsev.

Similar changes of central g-values were measured in the sawtoothing plasmas of
circular-cross-section tokamaks by the two groups Soltwisch (1988) and Levinton et al.
(1993), Yamada et al. (1994), Nagayama et al. (1996). Although the final values of the
central g after the crash are different between the experiments, all reported a rela-
tively small change of g (Ag < 0.1) during sawtooth crash. Magnetic reconnection in
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Figure 9.5. See Color Plate 6. Illustrations of a 2D imaging system of 7,-profiles dur-
ing sawtooth crash. (Left) Profile of 7, change during a fast crash measured in the
KSTAR (Korean tokamak) and (right) TEXTOR tokamaks. The ¢ = 1 surface (broken
green line) of the KSTAR plasma is shown on the left with the center of the plasma at
R ~ 178 cm and Z =0. A ballooning-type bulge with a “finger” is clearly seen, together
with a distortion of the plasma and harmonic generation of the 1/1 kink mode at the top.
On the right, a sawtooth slow crash in TEXTOR is seen with a relatively long recon-
nection zone. In the slow crash cases, a hot spot is seen to go around in the minor
cross-section. [From Park (2019).]

tokamak plasmas is driven by an internal MHD mode (driven reconnection) and is
determined by the growth rate of the MHD instabilities. The plasma’s stability depends
on the plasma parameters (n.(R), T.(R), and T;(R)), current profiles (g-profiles), and
three-dimensional boundary conditions.

Park et al. (2006b,a) measured two-dimensional electron temperature profiles in the
TEXTOR tokamak using sophisticated two-dimensional arrays of electron cyclotron
emission spectroscopy, as shown in figure 9.5(a). In most cases, magnetic reconnection
occurs very fast, in < 100 ps, much shorter than the Sweet—Parker time.

A ballooning-type bulge with a “finger” is seen at the top of the left-hand illustra-
tion of figure 9.5. A distortion of the hot region and harmonic generation of the 1/1
kink mode can be recognized at the top. In the right-hand illustration of figure 9.5, a
sawtooth crash in TEXTOR is seen with a relatively long reconnection zone. It was
observed that when the reconnection region (current layer) is long and flat, a relatively
slow reconnection occurred. The observed nonaxisymmetric deformation of toroidal
plasma was considered to destroy nested flux surfaces inside the ¢ =1 flux surface,
making the T,-profile uniform inside ¢ = 1. It was also found that the reconnection
region was distributed equally both on the inner and outer field sides, or both high and
low toroidal-field sides of tokamaks, contrary to the ballooning-based models, which
predict reconnection occurs predominantly on the lower field side (Park et al., 2006a;
Park, 2019).
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While it appears more detailed study is needed, we could say that when a sharp edge
reconnection layer (site) appears, a fast reconnection results. Most recently, Park (2019)
reviewed the relationship between the evolution of multiple high-n, high-m modes near
the ¢ = 1 flux surface and sawtooth crash. Generally, higher m /n number modes (3, 3),
(2, 2), and (1, 1) appear in sequence before a crash.

As aresult of the study of sawtooth relaxation in tokamaks, the following summary
can be made, while further investigations will reach more conclusive statements.

(1) During the crash phase of sawtooth oscillation, magnetic reconnection takes place
rapidly. The change of field-line pitch around the g = 1 flux surface Agq is relatively
small but with a significant change of the electron temperature profile. It appears
that fast electron heat transport occurs through the reconnection region due to fast
electron parallel heat conduction along reconnected field lines.

(2) Magnetic reconnection is often driven by an ideal kink-type MHD instability, which
is excited after a gradual change of tokamak equilibrium to reach a critical condi-
tion. The reconnection time is much shorter than the Sweet—Parker time.

(3) With the recent understanding of two-fluid physics in collision-free plasmas, the
observed fast reconnection is not surprising because the Sweet—Parker model is
only applicable to collisional two-dimensional symmetric MHD plasmas, while
tokamak plasmas are collisionless (Amf > R) and we expect fast two-fluid dynam-
ics to be in play during reconnection.

(4) Generally speaking, the central g-value tends to return to unity after sawtooth crash
in tokamaks of noncircular cross-section, while it does not go back to unity in toka-
maks of circular cross-section. It can be hypothetically conjectured that a disruptive
crash in a noncircular tokamak generates a bigger distortion to the internal flux sur-
faces, thus inducing a complete reconnection of field lines.

(5) Heat diffusion transport can occur much faster than magnetic reconnection, namely
in the timescale of parallel electron heat conduction, and can influence the evolution
of global reconnection phenomena or magnetic self-organization. In circular-cross-
section tokamaks, Kadomtsev-type full reconnection can be truncated because the
free energy in the high pressure gradient that drives a kink mode is reduced due to
fast heat conduction through the reconnected region. This is a good example of the
case in which local reconnection processes and global plasma dynamics/characteri-
stics interact with each other.

9.2.2 Magnetic reconnection in RFP and spheromak plasmas

A toroidal pinch configuration is one of the most used systems for confining hot fusion
plasma by magnetic field. In these systems, a toroidal current is induced to heat and
confine plasma through the well-known pinch effects. Tokamaks, reversed field
(toroidal) pinch, and spheromak configurations belong to this category. The magnetic
field produced by internal current provides an inward pinch force by generating a force
balance with outward plasma pressure. Figure 9.6 presents schematics for these three
configurations. While all these configurations generate self-pinching poloidal fields,
toroidal fields are supplied differently: A tokamak’s toroidal field is very strong and
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Figure 9.6. Schematic comparison of three toroidal fusion plasmas: tokamak, RFP, and
spheromak plasmas.

is primarily created by external coils, while the toroidal field of an RFP is created by
the combined effects of internal current and an external field that is much weaker than
that of a tokamak. A spheromak does not have an external toroidal field and its inter-
nal toroidal field is solely generated by its own internal current. There is a remarkable
feature common to all of these toroidal pinch discharges. It has been found that, after
an initial highly turbulent state, the plasma settles into a quiescent stable state in which
fluctuations are suppressed.

The energy of the internal magnetic field is comparable to that of the external
magnetic field in RFP and spheromak plasmas. This internal magnetic energy can be
released through magnetic reconnection once the plasma is unstable. Global magnetic
structures are reorganized into a state with lower magnetic energy. This is called mag-
netic relaxation, flux conversion, or dynamo activity (Taylor, 1974, 1986). Magnetic
reconnection does not occur arbitrarily in these global relaxation processes; it must
satisfy certain global constraints.

9.2.2.1 Magnetic helicity and Taylor’s minimum energy state

Considering the global aspects of local magnetic reconnection, the first question is what
global quantity should be conserved during the formation or relaxation processes. In
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Figure 9.7. Schematic description of magnetic helicity for toroidal plasma systems.

order to quantitatively describe the characteristics of current-carrying laboratory plas-
mas, magnetic helicity was introduced and studied as an important physics parame-
ter. Magnetic helicity represents a net twist or linkage of magnetic flux, which can
be regarded as a measure of the “knottedness” or the “twistedness” of a magnetic field
(Woltjer, 1958). It is definedby K = [ A- Bd 3x, where A is the vector potential of the
magnetic field B and the integration is over a specified volume V. Magnetic helicity K
can also be expressed as

K:/A~Bd3x=/A~dles=/1ﬁd¢, 9.1)

because magnetic flux can be expressed as B -ds =d¢, f A -dl =1, where the inte-
grals extend over a suitable boundary (figure 9.7).

Now we can express the magnetic helicity as the product of two linked fluxes, as
shown in figure 9.7, where A® represents the differential cross-section of the torus.
For a system made of two simply connected loops of flux vy and ¢y, the entire volume
integration leads simply to (Berger and Field, 1984)

K =2y0¢0. 9.2)

For a laboratory plasma, we often define the magnetic helicity after subtracting the
helicity associated with vacuum magnetic fields, thus making it a gauge-invariant quan-
tity. But in a open system such as a space plasma, it is often difficult to define gauge-
invariant magnetic helicity because of a difficulty in defining a boundary. The mag-
netic helicity is an invariant within a flux tube in a perfectly conducting plasma. It is
questioned whether magnetic helicity is still conserved in a highly conducting plasma
undergoing reconnection.

Based on his careful examination of RFP formation processes, J. B. Taylor pro-
posed a conjecture that magnetic helicity K, defined as above, tends to conserve during
plasma relaxation as the plasma rapidly approaches the minimum energy state. The
essence of the Taylor relaxation theory (Taylor, 1974, 1986) is that the plasma has a
tendency to relax toward the minimum (magnetic) energy state while conserving total
magnetic helicity. Experimentally, magnetic helicity was observed to change a little,



160 CHAPTER 9

but by a much smaller amount compared to magnetic energy, which decreases substan-
tially during RFP relaxation (Ji et al., 1995; Anderson et al., 2004). A simple estimate
of helicity change due to magnetic reconnection is given by Ji (1999). It is argued that
the total magnetic helicity is a well-conserved quantity, with 6 K <« K during magnetic
reconnection, if the thickness of the diffusion region is much smaller than the global
size.

Magnetic reconnection is perhaps the only process (other than self-similar expan-
sions) that can release magnetic free energy while conserving flux and helicity. Thus,
magnetic reconnection is strongly implied, although not explicitly specified, in the
process of Taylor relaxation.

The predicted relaxed states (Taylor, 1974) are described by the force-free equilib-
ria given by V x B = uB, where = (j - B)/B? is a spatial constant along and across
field lines. This prediction explains a remarkable common feature of both RFP and
spheromak plasmas, that after an initial highly turbulent state, the plasma settles into
a more quiescent state in which p tends to be spatially uniform (Bodin, 1990; Bellan,
2000).

9.2.2.2 Formation of an RFP configuration

An RFP is an axisymmetric toroidal pinch in which plasma is confined by the com-
bined effects of a poloidal magnetic field B, created by a toroidal plasma current,
and a toroidal field B;, generated by a poloidal plasma current and external coil cur-
rents. By carefully examining RFP discharges, Taylor postulated that the RFP config-
uration should originate from a process of plasma relaxation in which plasma settles
into a state of minimum energy with the constraint of constant helicity. If this state is
described simply by V x B = B with constant = (j - B)/B? throughout the large-
aspect-ratio toroidal vacuum vessel, it would naturally lead to the well-known Bessel
function solution

Bi(r) =By Jo(ur),  Bp(r)=BioJi(ur), 9.3)

where By, denotes the toroidal field at the minor axis and Jo(ur) and Jy(ur) denote
Bessel functions of order 0 and 1 respectively. This formulation is valid as long as the
large-aspect-ratio toroidal plasma can be approximated by a cylinder of radius a.

The relaxed force-free states are independent of the initial state and described by
the dimensionless parameters F and 6, where 6 = B;(a)/(B;) is the ratio of the toroidal
field at the wall (r =0) to the average toroidal field, and F' (= Bp(a)/{B;)) is called
a pinch parameter, defined as the ratio of the poloidal field at the wall to the aver-
age toroidal field. A value F' <0 implies a field reversal at the edge. In practice, this
force-free state does not exactly describe the RFP configuration since the assumption
of u = const. holds only in the interior of the plasma and it goes down to zero at the
edge. But the field profiles described by eq. (9.3) agree remarkably well with those for
quiescent plasma obtained in RFP devices as shown in figure 9.8. In general, when the
toroidal field reverses at the edge (F < 0), a more stable plasma is obtained and thus
this configuration is maintained as the RFP configuration.
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Figure 9.8. Experimental and theoretical magnetic profiles of an RFP configuration.
Solid lines are interpolated from experimental data and broken lines are from eq. (9.3).
[From Sarff et al. (2005).]
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Figure 9.9. Contours of poloidal flux (left) and u (right) during and after formation of
an S-1 spheromak, measured by internal probes. The shaded regions refer to the value
of u=5.5 m~! (Taylor value) within 15% error. At the initial formation phase, the
current density and p-value are high near the plasma-forming flux-core area but slowly
relax into the “constant-u” state, supporting the Taylor conjecture. [From Hart et al.
(1986).]

9.2.2.3 Formation of a spheromak configuration

A spheromak configuration is also generated by relaxation processes after an internal
plasma current is generated either by induction or electrode discharges in a plasma gun.
An example is shown in figure 9.9, where a constant-u Taylor state is experimentally
verified (Hart et al., 1986). The turbulent initial state undergoes violent reconnection
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to form a spheromak configuration, the minimum energy state. After this initial forma-
tion process, the relaxation or reconnection activity occurs in a cyclic or continuous
fashion. The plasma is driven away from the relaxed state, and the relaxation opposes
this tendency. During the period in which the configuration is maintained, the plasma
often evolves away from the relaxed state as ; becomes spatially peaked. Then plasma
instability sets in and the plasma configuration rapidly returns to a relaxed state as u
becomes flat again. Peaking and flattening of the p-profile over the relaxation cycles
has been experimentally verified in both RFP (Ji et al., 1995) and spheromak plasmas
(Yamada, 1999).

The underlying instabilities for reconnection and relaxation are driven by excess
internal magnetic energy associated with a peaked current profile within the plasma. In
spheromaks, a kink instability can be destabilized. The instability is no longer localized
to the central region, but occupies the entire plasma, and causes global reorganization
(Bellan, 2000). In RFP plasmas, the underlying instability is a tearing mode instability
(Furth et al., 1963) occurring at multiple radii, with each radial location correspond-
ing to a rational surface in which the safety factor is m/n. During a relaxation event,
impulsive reconnection takes place at a single radial location or at multiple locations
simultaneously to reorganize the plasma back to a relatively stable state (Ortolani and
Schnack, 1993).

9.2.2.4 Sawtooth relaxation in RFP plasmas

Once an RFP plasma configuration is established, stable discharge can be maintained
as long as the plasma current is sustained by inductive drive. Magnetic helicity is sup-
plied by poloidal flux injection into the plasma. During the discharge the poloidal flux
often becomes too excessive to maintain the Taylor state and a relaxation occurs as a
sawtooth oscillation. When the current configuration is too peaked and deviates from
the Taylor state, it quickly comes back to that of the relaxed state. During this relax-
ation process, a conversion of flux from poloidal to toroidal has been seen in many
RFP discharges and the total magnetic helicity K =2y is kept roughly constant.
As we saw in figure 2.9, magnetic helicity and energy evolution during a sawtooth
cycle in RFP plasma were studied (Ji et al., 1995) in the MST (Madison Symmetric
Torus) RFP by monitoring the global values of total helicity K and magnetic energy
W. Sawtooth oscillations consist of a fast crash phase and a slow recovery phase. The
plasma rapidly relaxes toward its minimum energy state during the crash phase. With
a lack of measurement of the exact magnetic field profiles, the w-profiles (and hence
energy and helicity) were assumed from other measured quantities by employing equi-
librium models of pu = ,uo(l — (r/a)"‘). With this model assumption, the changes of
K and W during a sawtooth crash were monitored. Figure 2.9 presents an inventory
of magnetic helicity, magnetic energy, poloidal flux, and toroidal flux during a saw-
tooth oscillation. It was found that during the relaxation event, the magnetic helicity
decreases by 1.3-5.1%, while the magnetic energy decreases by 4.0-10.5%. Hence,
the helicity conservation conjecture is satisfied in that the helicity decay is less than
the energy decay by a factor of 3, instead of orders of magnitude. This result indicates
that helicity conservation is only a conceptual approximation. The helicity change is
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Figure 9.10. (a) Time evolution of the Hall dynamo due to an (m = 6, n = 1) mode (solid
line) and inductive electric field (dashed line) during a relaxation cycle. (b) Amplitude
of the Hall dynamo as a function of radius. [From Ding et al. (2004).]

larger than a simple MHD prediction. Determination of detailed mechanisms for pos-
sible anomalous helicity dissipation during relaxation awaits further investigation.

The process of the flattening of the w-profile due to these instabilities is a redistri-
bution of the current parallel to the mean magnetic field over the plasma radius. Insights
can be gained by examining the parallel component of Ohm’s law,

(E)j +(V x B) = (nj), 9.4

where (- - -) denotes an ensemble average over the fluctuations associated With recon-
nection processes. The fluctuation-induced electromotive force (EMF) (V x B) is
called the @ dynamo effect (Ji and Prager, 2002), derived from the same notion in
mean-field theory (Krause and Rédler, 1980) of dynamo action or generation of mag-
netic field from a turbulent flow. In the MHD frame, a nonzero component of (V x B)
along the mean field was predicted by a nonlinear computation (Ortolani and Schnack,
1993), experimentally detected by Ji et al. (1994) and Fontana et al. (2000) in the edge
of an RFP plasma and by al Karkhy et al. (1993) in a spheromak.

One question of interest is whether two-fluid effects are still important during mag-
netic reconnection on global scales. Theoretically, it was found that the tearing mode
structures and growth rates can be significantly modified by two-fluid effects (Mirnov
et al., 2003, 2004). The Hall effect enters eq. (9.4) as a new term on the left-hand
side, —(j x B))/en. It has been experimentally shown (figure 9.10) for a particular
mode (m = 6, n = 1)in the core of MST plasmas (Ding et al., 2004). The amplitude and
time dependence of this term are just what is required to explain the flattening of the
wu-profile near the center of the plasma. Other two-fluid effects, such as the electron dia-
magnetic effect theoretically predicted (Lee et al., 1989) and experimentally explored
(Jietal., 1995), can play a role in global relaxation. o

In the central region where u is peaked before relaxation, (V x B) has the opposite
sign to that of the parallel current, while it has the same sign in the edge region, and the
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Figure 9.11. Time dependence of (a) toroidal flux and plasma current, (b) core-resonant
m = 1 magnetic fluctuations, and (c) edge-resonant m = 0 magnetic fluctuations. [From
Prager et al. (2005).]

w-profile flattens after a relaxation event. This process can be viewed as a flux conver-
sion of poloidal flux to toroidal flux. Reducing parallel current at the center, where the
field lines are mostly toroidal, means reducing poloidal flux, while increasing parallel
current at the edge, where field lines are mostly poloidal, means increasing toroidal
flux. However, it is not yet completely understood how exactly magnetic reconnection
accomplishes this dynamo or flux conversion process in three dimensions. Important
observations were made a few decades ago in spheromaks. It was observed by Ono
et al. (1988) in the S-1 spheromak that the kinked part of the plasma can twist itself
so much that field lines change their orientation significantly, and through subsequent
three-dimensional reconnections, field lines restore their axisymmetric state, but with a
different ratio of toroidal to poloidal fluxes, resulting in an increase of toroidal flux at
the expense of poloidal flux, namely flux conversion. In RFP plasmas, magnetic islands
growing out of tearing modes at each rational surface can flatten the current profile in
its vicinity, as shown in the quasi-linear calculations of Strauss (1985) and Bhattachar-
jee and Hameiri (1986), again resulting in the same flux conversion from poloidal to
toroidal.

Some important clues have been reported from the MST experiment on the non-
linear aspect of tearing mode interactions. During relaxation, there are several unsta-
ble m =1 tearing modes resonant near the center. When the m =0 mode is absent or
weak, the resulting relaxation is milder, as shown in figure 9.11. Around ¢ =20ms,
the m =0 mode amplitude is small and the relaxation is much weaker, as indicated
in the changes in the toroidal flux. The nonlinear interactions cause rapid momentum
transport (Hansen et al., 2000), which is related to charge transport (Ding et al., 2007).
Accompanying this rapid momentum transport during relaxation events, anomalous ion
heating is observed (Den Hartog et al., 2007). No significant ion heating is observed
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without the nonlinear m =0 mode. A plausible scenario emerges in which multiple,
and interacting, reconnection processes cause an efficient global relaxation to release
magnetic energy under the constraints of flux and helicity conservation. Primary insta-
bilities drive localized reconnections, resulting in transient flows and magnetic fields,
which can lead to secondary reconnections. These secondary reconnections accelerate
the rate of energy release and other nonlinear processes, such as momentum transport
and ion heating. A similar physics mechanism was proposed for solar flares to explain
their impulsive nature (Kusano et al., 2004). It is interesting to compare the relationship
and time sequence between the spatial structures of spontaneous and driven reconnec-
tion regions of RFP plasmas and those of solar flare eruptions.

9.2.3 Relationship of current layers with global reconnection phenomena

During magnetic self-organization, magnetic reconnection occurs through current
sheets. It is major question how a large-scale system generates local current structures:
Are they formed spontaneously or are they forced by change of external boundary
conditions?

The aspect ratio of the current layers has generally been taken as the global length
over some microscopic length, such as the ion skin depth or Sweet—Parker layer thick-
ness. For such aspect ratios the classical reconnection rate is much too small to account
for the observations. When a current layer develops, it is of considerable importance
how its actual aspect ratio is estimated.

There has been research on the origin and nature of current layers (Becker et al.,
2001; Rosenbluth et al., 1973; Syrovatskii, 1971; Waelbroeck, 1989; Jemella et al.,
2004; see also Biskamp, 2000, p.60), but these studies were made on asymmetric situ-
ations where the global length of the system is the natural length for the current layer.
Situations such as that of the solar flare are far from symmetric. For these cases there
is no reason to believe that current layers are as long as the global size. Parker (1979)
attempted to show that, in a fully three-dimensional equilibrium, current layers are
inevitable and their length is comparable with the local scales of the equilibria, the
length over which the ambient field changes by a finite amount.

Parker and Rappazzo (2016) investigated the final equilibrium of a common inter-
laced field-line topology, starting from an initial smooth, continuous, and bounded
interlaced field with no further deformations introduced from outside the region, and
letting the magnetic stresses in the field topology alone determine the final equilib-
rium state; see figure 9.12. The result is that current sheets, i.e., internal sites for rapid
reconnection, are intrinsic to interlaced field-line topologies wherever they occur. They
conclude that since the reconnection velocity goes inversely as the square root of the
current length, these shorter lengths should lead to faster local reconnection.

Much less magnetic energy is released in each of the reconnections associated with
these shorter current lengths. There could be so many of them that the total released
energy could be very large. To get a rapid release of a lot of energy, the local reconnec-
tions have to interact and proceed almost simultaneously. Lu and Hamilton (1991) and
Lu (1995) have suggested such a rapid sequence of releases, as a self-organized effect,
such as happens in avalanches or sand piles. Their idea is that one local reconnection
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Figure 9.12. Parker’s sketch of the interlaced magnetic-field-line topology of a bipolar
solar magnetic field rooted in the convective solar photosphere. [From Gonzalez and
Parker (2016, fig. 5.1, p. 183).]
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Figure 9.13. Frequency distributions of avalanches as functions of energy E, peak flux
P, and duration T'. [From Lu and Hamilton (1991).]

happens first, and then the magnetic energy released triggers reconnection in neighbor-
ing current layers. Their released energy triggers more reconnection, and so on. This
model was inspired by the observation that the distribution function for the number of
solar flares as a function of their peak power is a nearly perfect power law over many
decades (figure 9.13). Such a power law cannot be produced in any other way.

This bears on two important puzzles: How are current layers formed, and with
what length? How is reconnection triggered in them? The details of the physics in a
reconnection layer are now fairly well understood, and attention is turning to these
more global questions.
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9.3 IMPULSIVE SELF-ORGANIZATION IN SPACE AND
LABORATORY PLASMAS

Here we discuss the impulsive nature of global magnetic self-organization phenom-
ena in space and laboratory plasmas. In tokamak discharges, reconnection often occurs
quite suddenly after a slow evolution of plasma equilibrium and magnetic flux buildup.
Generally, the flux buildup phase is significantly longer than the reconnection time,
TH > Trec- This creates a sawtooth-shaped evolution of the central electron tempera-
ture. We note that this is a good example of the case in which evolution of the global
plasma configuration forces fast local reconnection. In low-g pinch discharges in other
laboratory fusion devices such as spheromak and RFP, we observe similar sawtooth
events which also consist of a slow flux buildup phase through a slow reconnection
and then a fast reconnection/relaxation phase. In the former phase, the current density
in the center core gradually increases, while in the latter an impulsive current profile
flattening occurs with reconnection. Generally, reconnection occurs in the resonant flux
surfaces (which implies that the rotational pitch of a mode coincides with the rotational
transform of a flux surface) in the plasma core and, under some conditions, at the edge.
In some cases, two unstable tearing modes in the core region are observed to couple
each other to nonlinearly drive reconnection at a third location in the outer plasma edge
region (Kusano et al., 2004). It is conjectured that similar phenomena occur in active
solar arcade flares where spontaneous reconnection at one location can drive recon-
nection at other locations, leading to eruptions (Kusano et al., 2004). In solar flares,
reconnection sites are identified with hard-X-ray emissions near the top of solar flare
arcades during CME and coronal eruptions (Masuda et al., 1994; Shibata and Magara,
2011). Reconnection speed has been measured to be much faster than the Sweet—Parker
rate. We could hypothesize that global magnetic self-organization phenomena in both
tokamak sawtooth crashes and solar flares share a common process. Klassen reported
sawtooth phenomena in solar flares (Klassen et al., 2001). When reconnection occurs
in a certain region of the globally connected plasma, a topology change results. A sud-
den change of magnetic flux over a short time is induced in a newly connected part
of the global plasma. This leads to a large electric field along the magnetic field lines
and acceleration of electrons to superthermal energy. Indeed, in reconnection events in
both solar flares and tokamak sawteeth, we observe a significant amount of high-energy
(runaway) electrons. A careful comparative study of tokamak sawteeth and RFP relax-
ation events should illuminate this important energy flow channel. We will see such an
example of study in a laboratory plasma.

9.4 MAGNETIC SELF-ORGANIZATION IN LINE-TIED
MAGNETIC FLUX ROPES: LABORATORY STUDY OF
SOLAR FLARE ERUPTION PHENOMENA

In active solar arcade flares, impulsive global reconnection takes place after a gradual
change of equilibrium that builds up sufficient free energy to induce motion of plasma
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or topological changes. A slow change of equilibrium drives a plasma to an unstable
regime and then drives a global magnetic self-organization leading to eruptions. We call
it a “storage-and-release mechanism.” To expand our study of magnetic reconnection
in a laboratory plasma beyond the local reconnection layer, here we consider magnetic
self-organization phenomena on the global topology in a laboratory plasma experiment
relevant to solar flare dynamics. The particular plasma configuration studied here is that
of an arched, line-tied magnetic flux rope. This configuration is of particular interest
due to its central role in gradual storing and sudden releasing of magnetic energy in the
solar corona (Kuperus and Raadu, 1974; Chen, 1989; Titov and Démoulin, 1999). As
mentioned in Chapter 2, a series of laboratory experiments were carried out to demon-
strate the dynamics of eruption phenomena (Hansen and Bellan, 2001; Soltwisch et al.,
2010). But in these arched-flux-rope experiments, it was difficult to satisfy the storage-
and-release condition by relying on the dynamic injection of either plasma or magnetic
flux at the footpoints to produce an eruption. In contrast, the MRX experiment we dis-
cuss here enforces a clear separation of timescales between the energy storage time,
and the relaxation time, the dynamic Alfvén time, such that the observed eruptions are
driven by storage-and-release mechanisms.

In this section we look at MRX flux rope experiments, including the key features
that make them uniquely relevant to the solar eruption problem. We then see results
from a study of the flux rope instability and its relationship to the features of solar
eruption as described by Myers et al. (2015). The experiment was equipped with a two-
dimensional, well-covered magnetic probe array, which was used effectively here to
investigate the detailed evolution of the flux rope during storing and eruptive events.

9.4.1 Basic approach of the MRX experiment for solar eruption

Ideal MHD instabilities such as the torus and kink instabilities are central to the stan-
dard storage-and-release model of solar flares and CMEs. MHD simulations have shown
that the torus instability plays a crucial part in driving magnetic flux ropes to erupt,
even in the presence of magnetic reconnection. Thus the MRX flux rope experiments
were designed to identify the stability boundaries for the triggering of candidate ideal
instability eruption mechanisms. The torus instability is triggered by an imbalance in
the vertical forces acting on the flux rope plasma (Kliem and Torok, 2006). The tra-
ditional forces considered for the torus instability are (1) the upward “hoop” force,
which is the Lorentz force between the toroidal (axial) flux rope current and its own
poloidal (azimuthal) magnetic field and (2) the downward “strapping” force, which is
the Lorentz force between the same toroidal current and the potential strapping field.

On the other hand, the kink instability occurs when the twistedness of toroidal field
lines exceeds a certain value, as also explained in this chapter. The kink instability
(Sakurai, 1976; Hood and Priest, 1981; Miki¢ et al., 1990; Torok et al., 2004) is trig-
gered when the magnetic twist at the edge of the flux rope (i.e., the poloidal angle
through which an edge magnetic field line rotates as it transits the toroidal length of
the flux rope) exceeds a critical threshold. The analytical kink onset condition is often
given in terms of the edge safety factor g,, which is defined as the inverse of the edge
magnetic twist.
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In addition to such ideal instabilities, the nonideal process of magnetic reconnec-
tion is often invoked to explain various observed solar flare and coronal mass ejection
features through topology changes. For example, reconnection produces flare emission
beneath the rising flux rope and contributes to the evolution of the flux rope height.
Reconnection is also the central driving mechanism in some CME initiation models as
explained in chapter 7.

9.4.2 Apparatus and major results

To experimentally study the storage-and-release model for solar eruptions, the flux rope
laboratory experiment shown in figure 9.14 was carried out in MRX. Primarily, the
global features of the flux rope evolution that lead to global magnetic reconnection
were studied. The magnetic probe data were used to directly measure magnetic field

Strapping coil
(ex-vessel) Guide coil (ex-vessel)

Electrodes

Glass X
substrate \
Strapping coil ' 3

(in-vessel)

Guide coil
(in-vessel)

Figure 9.14. Experimental setup. A plasma arc (pink) is maintained between two elec-
trodes that are mounted on a glass substrate. The electrodes, which serve as the flux rope
footpoints, are horizontally separated by 2xy =36 cm and they have a minor radius of
ay ="7.5 cm. Note that the (x, y, z) coordinate system used in these experiments differs
from the local reconnection coordinate system used in previous sections; we are fol-
lowing the convention for the solar surface. The vertical distance from these footpoints
to the vessel wall is z,, ~ 70 cm. Four magnetic field coil sets (two inside the vessel,
two outside) work in concert to produce a variety of vacuum magnetic field configura-
tions. More specifically, the two orange coil sets are used to produce the guide vacuum
field, while the two blue coil sets are used to produce the strapping vacuum field. [From
Myers et al. (2015).]



170 CHAPTER 9

configuration and the J x B acting on the flux rope plasma (Myers et al., 2015, 2016).
It was shown that a tension force derived from a self-generated paramagnetic toroidal
field exerts a restoring force on the line-tied plasma and suppresses eruptive behavior in
a significant portion of the parameter space. This result provides a new mechanism for
understanding the dynamics of solar flares and CMEs. From these measurements, we
conclude that the toroidal field tension force, which has been neglected in traditional
flux rope force balance studies (Kliem and T6rok, 2006; Démoulin and Aulanier, 2010),
was dynamically enhanced by the impulsive reconnection processes identified here. It
is this dynamically enhanced tension force that prevents many flux rope eruptions in
the failed torus regime.

9.4.3 Detailed experimental setup

The line-tied flux rope experimental setup in MRX is shown in figure 9.14. The arched
plasma is formed between the two copper electrodes mounted on a glass substrate. Four
vacuum field coil sets, two inside the vessel and two outside, are used to produce a wide
range of vacuum magnetic field configurations in the plasma region. This flexibility was
necessary to conduct the instability parameter space. The vacuum field configuration
consists of two components: (1) the “guide” magnetic field that runs toroidally along
the flux rope and (2) the “strapping” magnetic field that runs orthogonal to the flux rope.
The guide field is equivalent to the toroidal field in a tokamak, while the strapping field
is equivalent to the “vertical” equilibrium field in a tokamak. These two field compo-
nents combine to produce the obliquely aligned vacuum magnetic field lines shown in
figure 9.14. Note that the (x, y, z) coordinate system used in these experiments differs
from the local reconnection coordinate system used in previous sections. Here, z is
aligned with the vertical axis above the footpoints, as is commonly found in the solar
literature.

Once a given vacuum magnetic field configuration has been selected, the vari-
ous coil sets are ramped to their selected currents and held there for the duration of
the discharge. In practice, the vacuum magnetic field configuration is established sev-
eral milliseconds before the plasma breakdown in order to allow vessel and electrode
eddy currents to decay away. The plasma discharge is then initiated by connecting a
pre-charged capacitor bank across the electrodes. The discharge driving time is gov-
erned by the characteristics of the combined RLC capacitor bank and plasma circuit.

9.4.4 Key findings on the stability criteria for flux rope

First, the major criteria for torus instability and kink instability were obtained for the
flux rope instability parameter space (figure 9.15). The parameter space plotted here is
defined by the onset criterion for the kink (Gold and Hoyle, 1960; Sakurai, 1976; Hood
and Priest, 1981; Miki¢ et al., 1990; Torok et al., 2004) and torus (Kliem and To6rok,
2006; Fan and Gibson, 2007; Liu, 2008; Démoulin and Aulanier, 2010) instabilities.
More specifically, the edge safety factor (Kruskal and Schwarzschild, 1954; Shafranov,
1956) g, was used to measure the (inverse) twist in the flux rope at the plasma edge
r =a. Here g, =2m /i, with ¢ being defined as the rotational transform of field lines in
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Figure 9.15. The experimentally measured torus versus kink instability parameter
space. The horizontal x-axis represents the kink instability criterion through the edge
safety factor g, (the inverse magnetic twist), while the vertical y-axis represents the
torus instability criterion through the potential field decay index n. Each data point is
the mean of 2-5 flux rope plasma discharges with the same experimental parameters.
The instability amplitude is represented by the darkness of each circle (proportional
to the amplitude as shown in the right-hand bar). A total of 806 flux rope plasma dis-
charges are represented. The metric used here to quantify the eruptivity of each flux
rope is the normalized spatial instability amplitude (§z)/xf. A value of (§z) /xf <0.5is
stable, while (8z)/x7 > 1 is clearly eruptive. The shaded boundaries, which are empir-
ically identified, delineate the four distinct instability parameter regimes described in
the text. [From Myers et al. (2015).]

a flux surface (Wesson, 1987). Low g, corresponds to high twist and therefore helps
kink instability. On the other hand, n is the field decay index (Kliem and To6rok, 2006),
which measures how steeply the vacuum magnetic field decays with height above the
electrodes. High n corresponds to a steeply decaying profile and therefore leads to torus
instability. The darkness of each circle represents the normalized instability amplitude
(8z)/x . Here, 8z is the spatial amplitude of instability-driven motion of the flux rope
magnetic axis, and 2x ¢ is the footpoint separation distance. The specifics of how g,
n, and (8z)/x s are extracted from each discharge are detailed elsewhere (Myers the-
sis, 2015). The data points in figure 9.15 are directly measured from more than 800
laboratory flux rope discharges in MRX.

Four distinct stability regimes are shown in figure 9.15. First, the stable regime
at high g, and low n appears as expected in the absence of both the kink and torus
instabilities. Likewise, the eruptive regime appears at low ¢, and high n when both
instabilities are present. Next, the “failed kink” regime at low g, and low n reveals
that the kink instability can drive motion of the flux rope without causing an eruption.
This result is consistent with existing numerical work (T6rok and Kliem, 2005), and
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it highlights the primacy of the torus instability in driving eruptions. The fourth and
final regime at high g, and high n, which we call the “failed torus” regime, is also
noneruptive. This refutes the notion that the torus criterion is a necessary and sufficient
condition for eruption. Instead, flux ropes that exceed the torus criterion in this regime
fail to erupt. The salient point is that the stable, eruptive, and failed kink regimes can be
explained within the framework of ideal MHD instabilities, but the failed torus regime
cannot. Therefore, a nonideal process such as magnetic reconnection must be involved.
In the following subsections, we provide experimental evidence of the formation of
current sheets in both the eruptive and the failed torus regimes.

9.4.5 Magnetic self-organization during eruptive events

We proceed by discussing magnetic self-organization during eruptive events in these
experiments. Before doing so, we must introduce the magnetic probe array (Myers
thesis, 2015) used to diagnose the internal structure of the plasma. The probe array
consists of seven long, thin magnetic probes that are aligned in a two-dimensional plane
and inserted vertically into the flux rope plasma (figure 9.16(a)). Each probe contains
up to 17 “triplets” of miniature magnetic pickup coils, spaced at 4 cm intervals along
the length of the probe. Each triplet measures the vector magnetic field at one location
in space. Thus, in total the probe array contains ~ 300 pickup coils that measure the
magnetic field at more than 100 locations distributed throughout the plasma. The probes
are separated horizontally by 4 cm so that the triplets form a 4 cm x 4 cm grid covering
an area of 64 cm x 24 cm. The probe array can be rotated about the z-axis to measure
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Figure 9.16. See Color Plate 3. Magnetic probe configuration for the MRX flux rope
experiments. (a) Seven long, thin magnetic probes (yellow) are arranged in a 2D plane
and inserted vertically into the flux rope plasma. (b), (c) Height—time histories of char-
acteristic eruptive and failed torus discharges. (d), (¢) Representative magnetic mea-
surements of the internal structure of the flux rope at one point in time. For all of the 2D
data presented here, the probes are aligned in the “poloidal cross-section” shown here.
All three components of B and J, are plotted here, with J computed from the spatially
resolved measurements of B. [From Myers et al. (2015); Yamada et al. (2016b).]



MAGNETIC SELF-ORGANIZATION PHENOMENA 173

different cross-sections of the flux rope plasma, but all of the data are presented with
the probe array in the poloidal cross-section (figure 9.16(a)).

Figure 9.16(b) shows how the magnetic probe data are used to track the height—time
history of an erupting flux rope plasma. The magnetic axis position is determined by
tracking the reversal of the out-of-plane poloidal magnetic field By =eé, - B p, where
e, is a unit vector. We see that for the representative erupting flux rope in (b), the
plasma begins with small amplitude kink oscillations that transition to eruptive oscil-
lations which extend nearly to the wall of the vacuum vessel at z,, >~ 70 cm. These
eruptive oscillations commence when the flux rope enters the torus-unstable regime.
Figure 9.16(c) shows an analogous height—time trace for a failed torus discharge. Note
that only small-scale oscillations are observed.

Figure 9.16(d), (e) show spatially resolved magnetic measurements from a single
point in time. In (d), the poloidal (in-plane) magnetic field vectors B p are shown along
with the toroidal current density Jr =é7 - (V x Bp), as defined and used in this sec-
tion. In (e), the “internal” toroidal magnetic field Br; is shown. This internal field
does not include the vacuum toroidal guide field B,. In a low-8 flux rope, the internal
toroidal field should be paramagnetic, or codirected, with the guide field (Myers thesis,
2015; Myers et al., 2015, 2016). Using the toroidal field and the assumption of local
toroidal symmetry, vectors of the local poloidal current density Jp =é7 - (V x Jr) are
computed. Finally, the contours in (d) are contours of a local poloidal flux function. The
red contour is the minor radius of the flux rope, which is defined here as the contour
that encloses 75% of the total current injected at the electrodes. The measurements of
B and J presented here facilitate direct measurement of the forces acting on the flux
rope (see section 9.4.7), but first we use them to track the evolution of the flux rope
plasma during characteristic eruptive and failed torus events.

Figure 9.17 shows a sequence of Jr and Br; measurements that capture the Alfvénic
rise of a flux rope during a characteristic eruptive event. Since this event is driven by
the ideal kink and torus instabilities, current sheets and magnetic reconnection play
only a secondary role. Distinct current sheets are visible in figure 9.17. First, a strong,
coherent flux rope forms at low altitude (strong current channel) and then rises steadily
toward the wall of the machine. The total current in the rope drops as the inductance
of the growing loop increases. Notably, a reversed current sheet (with reversed current
direction) forms above the flux rope as the rope pushes through the surrounding vac-
uum magnetic field, although it is hard to recognize in the figure. More features are
presented in color figures by Myers et al. (2015) and Yamada et al. (2016a). It is likely
that this current sheet mediates the speed with which the flux rope rises. This is just one
event in a sequence of eruptive events (see figure 9.16(b)). The remnant of the previous
event is visible at high altitude in the first few frames of figure 9.17 and then again in the
last few frames. Due to the inductive voltage provided by the capacitor bank, a new flux
rope readily forms behind the erupted rope. It is likely that reconnection plays a role in
the transfer of flux from the erupted rope to the newly formed rope at low altitude.

9.4.6 Magnetic reconnection and the self-organization processes

The failed torus regime, unlike the eruptive regime, cannot be explained in the context
of ideal MHD instabilities. Instead, impulsive magnetic reconnection that reconfigures



174 CHAPTER 9

t=240.0 us t=2432ps t=246.4 ps t=249.6 us t=2528 us t=256.0 us

.....

NN NN S sy

,,.,.-4..“.
S
@\ 8%
{ ..
®_

Current density (MA « m~?)

i

Magnetic field (G)

| !
L
s 3
3 8

y (cm)
Figure 9.17. Sequence of internal magnetic field measurements during a characteristic
eruptive event. The top row plots poloidal magnetic field vectors B p and the corre-
sponding toroidal current density J; = ér - (V x Bp). The bottom row plots the mea-
sured out-of-plane paramagnetic toroidal field Br;. A coherent flux rope forms with a
strong forward current channel at low altitude (+ =243.2 us) and then begins to rise. As
the flux rope rises through the surrounding poloidal flux, a reversed current sheet forms
above the rope, although it is hard to recognize in the figure. More detailed features are
presented in color figures by Myers et al. (2015) and Yamada et al. (2016a). As the flux
rope reaches the wall, a new flux rope begins to form behind it (r =252.8 us), and the
process repeats itself.

the global topology of the flux rope plays a central role. The magnetic evolution of a
characteristic failed torus event is shown in figure 9.17. The sequence of frames shown
here, which is analogous to the sequence of frames for the eruptive event in figure 9.16,
reveals a very different evolution. Instead of a coherent current channel rising in the
vessel as in the eruptive case, the flux rope in the failed torus case undergoes substan-
tial internal reconfiguration. More specifically, the flux rope rises from a low-lying rope
with uniform current density to an elevated rope with a “hollowed-out” current profile
(t =240.0 ps). Instead of continuing to rise, this hollowed-out flux rope collapses back
downward in just two Alfvén times and reforms with a relatively uniform J7-profile at
low altitude (r =258.0 us). It is this sudden reconfiguration and collapse that charac-
terizes the failed torus regime.

Upon closer examination, the current profiles during the downward collapse
(t =244.0 us, t =245.6 us) are comprised of multiple sharp current sheets, including a
reversed current sheet in the middle two frames. Such current sheets are clear evidence
of the transient magnetic reconnection that facilitates the rapid topological reconfigu-
ration of the flux rope. In this context, it is useful to examine the evolution of Br; in
the second row of figure 9.17. We see that Br; rises substantially in magnitude as the
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Figure 9.18. Heuristic wound-coil model for the toroidal field tension force. [From
Yamada et al. (2016b).]

current profile hollows out. This sharp rise in Br; indicates that poloidal magnetic flux
(associated with Jr) is being converted to toroidal magnetic flux (associated with Br;)
(Myers et al., 2015). This type of flux conversion conserves helicity and is a classical
example of magnetic self-organization (Taylor, 1986). The physical mechanism at the
heart of helicity-conserving self-organization is magnetic reconnection. As we show in
the next subsection, a key consequence of the transient increase in toroidal flux is a
large magnetic tension force that causes the flux rope to collapse back downward and
fail to erupt.

9.4.7 Dynamically evolving hoop and tension forces

It was concluded by the Myers et al. (2015) experiment that the toroidal field tension
force is the dominant restraining force during failed torus events. This term had been
neglected in traditional analysis of the torus instability. While it is true that the ten-
sion force is small in the failed kink and eruptive regimes, the self-organization and
reconnection processes in the failed torus regime elevate its importance. The toroidal
field tension force can be heuristically explained by considering a torus-shaped coil
with helical windings (see figure 9.18). The toroidal curvature of the coil makes the
density of windings (per unit length) higher on the inboard side of the coil than on the
outboard side. Since the toroidal magnetic field is also stronger on the inboard side
than on the outboard side, which is typically the case, the contraction force on the
inboard side (J p x Br) will be stronger than the corresponding expansion force on
the outboard side. This produces a net contraction force. If we calculate this force for a
large-aspect-ratio toroidal plasma discharge, the final result takes the form of a tension
term with F; ~ By Br;/R (Myers et al., 2016). Thus, this force becomes larger for a
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low-aspect-ratio (a/R, where a is the minor radius) coil. As the profile of the internal
paramagnetic toroidal field strengthens and broadens, the total paramagnetic toroidal
flux and therefore the toroidal field tension force grow in magnitude.

The relaxation process we see here is typically described by the format shown in fig-
ure 9.1 and resembles the relaxation processes observed in RFP and spheromak fusion
plasmas. In the central region of a plasma torus where u is peaked before relaxation,
the current profile or u-profile flattens after a relaxation event. This process can be
viewed as a flux conversion of poloidal flux to toroidal flux. Reducing parallel cur-
rent at the center, where the field lines are mostly toroidal, means reducing poloidal
flux and reduced hooping force and thus eruption force. Increasing the parallel current
at the edge, where field lines are mostly poloidal, means increasing toroidal flux and
results in a contraction force. Thus we can attribute our failed eruption to magnetic
self-organization or magnetic relaxation of the plasma torus.



Chapter Ten

Studies of energy conversion and flows

in magnetic reconnection

10.1 EXPERIMENTAL STUDY OF MAGNETIC ENERGY
CONVERSION IN THE RECONNECTION LAYER
IN A LABORATORY PLASMA

The most important feature of magnetic reconnection is that significant acceleration
and heating of plasma particles occurs at the expense of magnetic energy. An exam-
ple of this efficient energy conversion is the observation of large amounts of high-
energy electrons associated with the reconnection of magnetic field lines in solar flares
(Krucker et al., 2010). In some solar coronae, a third to a half of the magnetic energy
is considered to be converted to high-energy electrons. On the other hand, evidence of
very-high-energy ions of multiple megaelectron volts have been observed from solar
eruptions (Lin, 2006). In the reconnection region of the earth’s magnetosphere and
solar wind (Phan et al., 2000; Wygant et al., 2005), convective outflows have been doc-
umented by in situ satellite measurements, but the exact physical mechanisms for bulk
plasma heating and particle acceleration and for energy flow channels remain unre-
solved. This chapter addresses this unresolved question: How is magnetic energy con-
verted to plasma kinetic energy? Here we study quantitatively the mechanisms of the
conversion of magnetic energy to plasma electrons and ions in a laboratory reconnec-
tion layer. Based on experimental findings, we will develop an analytical model for the
conversion of the magnetic energy to plasma particles in chapter 11.

In the classical Sweet—Parker model based on resistive MHD (magnetohydrody-
namics), the energy dissipation rate is small (~ (B%/2u0)VaL/SY?) owing to the
slow reconnection rate, where S>> 1 is the Lundquist number (Parker, 1957; Priest
and Forbes, 2000; Yamada et al., 2010). It is important to point out that in the Sweet—
Parker model, the outgoing magnetic flux energy through the thin diffusion region is
much smaller than the incoming magnetic energy, as shown in figure 3.3. In this model,
almost all of the incoming magnetic energy is expected to be converted into parti-
cle energy within the narrow diffusion region (S>> 1). The plasma is heated (slowly)
by classical resistive dissipation (7J2) in the diffusion region and is accelerated to
the Alfvén velocity due to both the pressure gradient and magnetic tension forces. In
the exhaust, there is an equal partition between the flow and thermal energy increase,
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A(5nkpT/2) ~nmv2, /2, indicating that magnetic reconnection generates Alfvénic
flows of heated plasma at the end of the very narrow exhaust (Priest and Forbes, 2000).
Recent data from space and laboratory show, however, that these predictions do not
hold during collisionless reconnection (Yamada, 2007; Eastwood et al., 2013). The
main reason for this is now considered to be that two-fluid physics is dominant in the
reconnection layer.

In a collisionless magnetic reconnection layer, electrons and ions move quite
differently due to two-fluid dynamics (Sonnerup, 1979; Drake et al., 2009; Yamada,
2007; Yamada et al., 2010); differential motion between the strongly magnetized
electrons and the unmagnetized ions generates strong Hall currents in the reconnec-
tion plane, as shown in chapter 5; see figures 5.1 and 5.6. Let us take the case of a
prototypical reconnection layer. As magnetic reconnection is induced with oppositely
directed field lines being driven toward the X-point (B =0 at the center of the layer),
ions and electrons also flow into the reconnection layer. The ions become demagne-
tized at a distance of the ion skin depth (d; = c¢/w);, where w); is the ion plasma fre-
quency) from the X-point where they enter the so-called ion diffusion region, and they
change their trajectories and are diverted into the reconnection exhaust, as we learned
in chapter 5. The electrons, on the other hand, remain magnetized through the ion dif-
fusion region and continue to flow toward the X-point. They become demagnetized
only when they reach the much narrower electron diffusion region. In this two-fluid
model, the expanding exhaust region becomes triangular in shape and the outgoing
magnetic flux through this region is expected to be sizable, while the incoming mag-
netic energy is converted much faster to particle energy in this X-shaped reconnection
layer. Note that this geometry of triangular exhausts allows fast exhausting fluxes of
magnetic field and plasma, just as the Petschek MHD model does, as explained in
chapter 3.

In the past, ion heating in plasma during reconnection was observed in a wide range
of magnetic configurations in the laboratory such as the RFP (reversed field pinch)
(Scime et al., 1992; Fiksel et al., 2009) and spheromak (Ono et al., 1996; Brown et al.,
2002). Local heating in the reconnection layer of dedicated reconnection experiments
has also been observed for both ions (Hsu et al., 2000; Stark et al., 2005) and electrons
(Jiet al., 2004; Yoo et al., 2014a). However, the exact physical mechanisms behind the
observed heating have not been well understood.

Observations in space and laboratory plasmas suggest that a significant fraction of
the energy released during reconnection is converted into ion thermal energy (Eastwood
et al., 2013; Yamada et al., 2014) in the reconnection layer. Recently, a more quanti-
tative analysis of the energy conversion rate has been carried out, together with more
accurate identification of energy flow processes (Yamada et al., 2015). The energy par-
tition measured in the magnetotail is remarkably consistent with the recently obtained
MRX (Magnetic Reconnection Experiment) data. It was found that a half of the mag-
netic energy flux is converted to particle energy flux with a high speed (0.1Vy4) and then
branched off to the ion and electron enthalpy fluxes with a 2 to 1 ratio. This chapter
describes the recent experimental investigation in detail, based on accurately measured
data from a prototypical laboratory reconnection layer generated in MRX.
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Figure 10.1. See Color Plate 2. (a) MRX apparatus and reconnection drive. (b) Mea-
sured flow vectors (the length represents velocity) of electrons (red arrows) and ions
(blue arrows) in the full reconnection plane, together with poloidal flux contours (which
represent reconnecting field-line components projected in the reconnection plane) and
out-of-plane field contours. A 1cm vector length stands for 2 x 10° cm/s, color con-
tours represent out-of-plane field strength, and broken green lines depict (experimen-
tally identified) separatrix lines. An azimuthal symmetry is assumed. For standard con-
ditions, n, =2-6 x 1083 ecm™3, T, = 5-15eV, B =0.1-0.3kG, S > 400 in helium plas-
mas. (c) Conjectured 3D view of magnetic field lines moving together with plasma
flows. (d) Measured magnetic field lines together with electron fluid flow vectors.
[From Yamada et al. (2015).]

10.2 EXPERIMENTAL SETUP AND PLASMA PARAMETERS

The MRX facility was used to experimentally study the conversion of magnetic energy
to particle energy in a nearly collision-free reconnection layer. Figure 10.1(a) shows
a schematic of the MRX apparatus, wherein two oppositely directed field lines merge
and reconnect. Experiments are carried out in a setup in which two toroidal plasmas
with annular cross-section are formed around two flux cores as shown in figure 10.1;
see also section 6.3.1.

Each flux core (darkened section in figure 10.1(a)) contains both TF (toroidal field)
and PF (poloidal field) coils. After a poloidal magnetic field is created by the PF coil
currents, an inductive helium discharge is created around each flux core by pulsing the
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TF currents in the coils (Yamada et al., 1997a,b). After the annular plasmas are cre-
ated, the PF coil current can be increased or decreased in order to drive different modes
of reconnection. For decreasing PF current, the poloidal flux in the common plasma
is pulled back toward the X-point (pull mode); this mode was used for the present
experiment. For standard conditions of n, =2-6 x 1013 cm—3, T.=5-15¢eV, B=0.1-
0.3kG, S > 400, the electrons are well magnetized (p, < L, where p, is the electron
gyroradius) while the ions are not. The mean free path for electron—ion Coulomb colli-
sions is in the range 5-20 cm (> the layer thickness) and, as a result, the reconnection
dynamics are dominated by two-fluid and kinetic effects (Yamada, 2007; Yamada et al.,
2010, 2016a). As usual, here we employ a geometry (R, Y, Z), where By is the recon-
necting field component and Y is the out-of-plane axis.

Figure 10.1(b) (see figure 5.7 in Color Plate 2) depicts the measured flow vectors
of ions (in blue) and electrons (in red) in the whole reconnection plane, together with
poloidal flux contours (representing magnetic field lines) and colored contours of the
out-of-plane magnetic field component. There are clear differences between the ion and
electron flow patterns, which demonstrate the two-fluid dynamics in the MRX diffusion
layer. Here we can experimentally verify what was described in the previous section as
features of the two-fluid reconnection layer.

Various diagnostics were used to study the comprehensive dynamics of plasma par-
ticles and mechanisms for energy conversion in the reconnection layer. Triple Langmuir
probes were used to measure the electron temperature and density. The density mea-
surements were calibrated by data from a CO; interferometer. The radial profile of the
floating potential was obtained from a 17-tip floating potential probe with maximum
resolution of 7mm. Local ion temperature was measured by ion dynamics spectroscopy
probes (IDSPs) (Fiksel et al., 1998), which obtained the spectrum of the He II 4686 A
line. The data was subsequently fitted to a sum of 13 Gaussian functions in order to take
fine structure effects into account; without considering fine structure, the ion tempera-
ture would be overestimated by 15-25%. The time and spatial resolutions of the IDSPs
are 5-6 us and 3—4 cm, respectively. Mach probes were used to measure the ion flow
velocity due to their better spatial and temporal resolutions. The data from the Mach
probe are calibrated by spectroscopic measurements from the IDSPs. The electron flow
vectors in the reconnection plane were derived by the electron current profile from
the magnetic profile, measured by fine-scale magnetic probes, using noJ =V x B and
Ve=—J/en.+V;.

10.3 ELECTRON FLOW DYNAMICS STUDIED BY MEASURED
FLOW VECTORS

From measurements of profiles of magnetic field lines, the electric field, and the local
flow vectors of electrons and ions, the dynamics of the plasma particles can be stud-
ied in significant detail. As the E, x B, (Ey is the reconnection electric field and
B, the reconnecting magnetic field) drift motion drives electrons toward the X-point
together with field lines (figure 10.1(b)), the magnetic field strength weakens. As a
result, the electron drift (E/B) velocity in the reconnection plane becomes very large
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near the X-point and electrons are ejected out to the exit. Figure 10.2(a) presents a
more detailed three-dimensional description of the electron flows in one half of the
reconnection plane. Ions, which become demagnetized as they enter the ion diffu-
sion region whose width is ~d; (5-6 cm), are accelerated across the separatrix lines
(shown by blue vectors) while moving in the ion diffusion region and flow outward to
the exhaust Z-direction (as seen in figure 10.1(b)). In contrast, the magnetized elec-
trons flow inward toward the X-point along field lines, which are almost parallel with
the separatrix lines at the edge of the inflow region. This electron flow pattern gen-
erates net circular currents in the reconnection plane, and it thus creates an out-of-
plane magnetic field with the quadrupole structure shown in figure 10.1(b) and rep-
resented in three dimensions in figure 10.1(c) and figure 10.2(a). This is a signature
of the Hall effect and our experimental data show very good agreement with typical
PIC (particle-in-cell) simulations (Shay et al., 1998; Pritchett, 2001; Ji et al., 2008).
The measured amplitude of this Hall quadrupole magnetic field is of order 40-60 G
(Ren et al., 2005; Yamada et al., 2006), compared with 100—120 G reconnecting field
strength. The increased reconnection electric field, caused by the strong Hall term
(J x B) and a steady current of electrons, leads to the observed fast motion of flux
lines (E = —dWV/dt =vrdWV/dR = vg Bz) in the reconnection plane, or the fast recon-
nection rate. Here we note that in a steady state reconnection, the reconnection field E,
is induced by a steady inflow and outflow motion of the reconnecting field lines of flux.

As the incoming field lines are stretched toward the y-direction (out of plane), as
shown in figure 10.2(a), magnetic field lines break and electrons flow out rapidly to
the exhaust direction. In the upstream (inflow) section of the MRX reconnection layer,
a slow electron inflow velocity (V, ~ V; <« Vy) is seen, while a much faster electron
flow velocity is measured (~ 5V,) in the y-direction near the X-point region, as shown
in figure 10.2(a). It should be noted that electrons flow out almost orthogonal to the
magnetic field lines near the X-point region. While electrons flow out of the X-point
region to the outflow direction (z), the reconnection of magnetic field lines occurs and
electrons pull newly reconnected field lines toward the exhaust in the outflow region.
The magnetic field lines in the inflow region move quickly, as reconnection occurs near
the X-point, while in the exhaust region they slowly cross the separatrices.

10.4 OBSERVATION OF ENERGY DEPOSITION ON ELECTRONS
AND ELECTRON HEATING

Distinctly different motions of magnetized electrons and demagnetized ions in the
reconnection layer create a notable electric field profile. Near the current sheet, a strong
in-plane electric field is expected, with electrons being frozen to the field lines as
described section 5.5. In the center of the ion diffusion region, electrons primarily
flow in the out-of-plane direction (y) perpendicular to B, and we expect a sizable
electric field toward the X-point. This situation would generate a strong potential well
around the electron diffusion region with respect to inflow direction (R). This predic-
tion was verified experimentally in MRX (Yoo et al., 2013), as well as in the mag-
netosphere by the MMS (Magnetospheric Multiscale Satellite) (Burch et al., 2016b)
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Figure 10.2. (a) Measured flow vectors of electrons in one half of the reconnection
plane in a bird’s eye view (in 3D geometry). While ions and electrons move together
with field lines before entering the ion diffusion region, electrons move much faster as
they reach toward the X-point region. (b) The energy deposition to electrons j, - E is
concentrated near the X-point. (c) A strong electron temperature rise is observed in the
wide area of the exhaust region. Strong parallel heat conduction is considered to cause

the high 7, at the exhaust region. [From Yamada et al. (2015, 2016b).]
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satellite observation. At the same time we expect that a notable energy deposition to
electrons occurs in the electron diffusion region, thus here we investigate first the value
of J. - E in this region.

Measurements show that the energy deposition rate to electrons J, - E is concen-
trated near the X-point, as seen in figure 10.2(b), but in a much wider region (~ 10d,)
than predicted by numerical simulations (Pritchett, 2010). Furthermore, our data indi-
cate that electron heating takes place in an even wider region of the exhaust, as seen
in figure 10.2(c). The measured two-dimensional electron temperature profile shows
that the region of high electron temperature expands along the magnetic field lines in
the exhaust. We observe that electrons are heated in a wide region, with width ~ 0.5d;.
Strong parallel heat conduction is considered to cause this wide observed region of
high 7,. Based on two-dimensional energy transport analysis, we note that Ohmic dis-
sipation based on the perpendicular Spitzer resistivity accounts for less than 20% of
the observed deposition power (Yoo et al., 2017). Magnetic and electrostatic fluctu-
ations in the lower hybrid frequency range are observed (Ji et al., 2004; Ren et al.,
2008) near the X-point and throughout the downstream region, and are believed to
cause the observed anomalous electron heating. However, more quantitative analyses
on wave—particle interactions are required to determine the exact cause of the anoma-
lous heating.

While the magnitude of the magnetic field decreases toward the X-point, the total
electron kinetic and thermal energy increases substantially with respect to magnetic
energy. As the electron beta 8, =2uon.T,/ B? is initially 0.1 (in the inflow section)
before reaching the reconnection region, it is well over unity inside the broad electron
diffusion region, breaking the condition of a magnetically confined state, as clearly seen
in figure 10.2(a). This condition could induce firehose-type instability in the region
(Te > T, ), although the error bars of the measurement are too large for an exact
analysis of the firehose modes.

It is important to note that when the energy deposition rate to electrons j, - E is
decomposedinto j,, - E| + je| E}, i.e., separating the inner product of the vectors into
that of the perpendicular and parallel components with respect to the local magnetic
field lines, j,, - E| is measured to be significantly larger than j, E), as shown in
figure 10.3.

Near the X-point, where energy deposition is maximum, j,, - E is larger than
Je| £ by more than an order of magnitude. This very notable characteristic of energy
deposition to electrons was verified by two-dimensional PIC numerical simulation (Yoo
thesis, 2013; Yamada et al., 2016a) using the VPIC code (Bowers et al., 2008). While
most features of electron flow vectors are reproduced and verified in these simulations,
electron flow speeds are much more pronounced near the X-point, as well as on both
sides of the separatrices. The thickness of the electron diffusion layer calculated by the
two-dimensional numerical code was much smaller than that of the MRX experiment,
as discussed extensively before (Dorfman et al., 2008; Ji et al., 2008; Roytershteyn
et al., 2010). It was also notable that the energy deposition rate to electrons j,; - E |
in their simulation was found to be significantly larger than j, £} near the X-point,
where energy deposition is maximum, although the energy deposition region was much
smaller than that observed in MRX.
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Figure 10.3. Comparison of two compositions of energy deposition rate measured in
MRX. (a) je  E) and (b) j,, - E, . [From Yamada et al. (2015).]

10.5 GENERATION OF AN ELECTRIC POTENTIAL WELL IN THE
TWO-FLUID RECONNECTION LAYER

It was experimentally verified in MRX that an inversed-saddle shaped electric potential
profile is formed in the reconnection plane to balance the Lorentz force on the electron
flows (Yoo et al., 2013). It was found that the flows of magnetized electrons, which
cause the Hall effects, produce a strong electric field in the reconnection plane espe-
cially across the separatrices as shown in figure 10.4(a), (b). A strong in-plane electric
field is generated near the separatrices with a wider and deeper potential well down-
stream. These MRX potential data are consistent with simulation results (Karimabadi
et al., 2007), as well as measurements by the Cluster spacecraft (Wygant et al., 2005),
which showed a narrow potential well near the X-point with a half-width in the range
60-100 km (3-5d;), and a deeper and wider well toward the exhaust region.

In the experiment, the electron diffusion region near the X-point was observed to
be significantly wider than the electron skin depth (Ren et al., 2008; Ji et al., 2008), in
contrast with two-dimensional numerical simulations (Chen et al., 2008a; Karimabadi
et al., 2007). The in-plane (Hall) electric field (or potential drop) is mostly perpendic-
ular to the local magnetic field lines, and is strongest near the separatrices. Electric
potential is seen to be nearly constant along a poloidal flux contour (or magnetic field
line) in the half of the reconnection plane in figure 10.4(a). In this figure, we notice that
a large electric field across the separatrices extends to a significantly larger area of the
reconnection layer (L > d;) than the region in which field-line breaking and reconnec-
tion occur. A typical magnitude for the in-plane electric field Ej, is ~ 700 V/m, which
is much larger than the reconnection electric field Erec ~ 200 V/m in MRX.

10.5.1 Observation of a potential well in the magnetotail

During magnetic reconnection in the magnetotail, an explosive release of magnetic
energy is considered to occur, as described in chapter 2. It was learned in chapter 8
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Figure 10.4. See Color Plate 7 for (b). Potential profile of one half of the two-
fluid reconnection layer. (a) The inversed-saddle shaped electrostatic potential profile
deduced from multiple Langmuir probe measurements and (b) a birds-eye view of the
profile. The measured potential profile in MRX is divided into four regions by the sep-
aratrices (see figure 5.6). One half of the region is shown in (a). The electric potential
tends to be constant along magnetic field lines shown by solid lines. [From Yamada
et al. (2015).]

that a current sheet structure caused by Hall effects was identified around the near-earth
neutral sheet line during a substorm, based on the data from the Geotail satellite (Asano
et al., 2004). A negative potential well, a signature reported by numerical simulations
of two-fluid reconnection, was measured. They found a double-peaked current sheet
away from the X-line and attributed its cause to Hall current profiles at the separatrices
around the neutral sheet.

The detailed characteristics of the neutral sheet in the near-earth magnetotail were
measured by the Cluster spacecraft (Wygant et al., 2005). The measurements of elec-
tric fields, magnetic fields, and ion energy are used to study the structure and dynam-
ics of the reconnection region in the tail at distances of 18 Rg. They investigated the
structure of electric and magnetic fields responsible for the acceleration of ions, and
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Figure 10.5. Electric and magnetic field data from the Cluster-4 spacecraft from a
“thin” (8 ~ 4c/wp.) current sheet on 1 October 2001 at 09:46:50 UT. Measurements are
(top) E,-GSE dominated by the normal component of the electric field and (bottom)
B,-GSE showing the current sheet. The distance scale is determined from the nor-
mal velocity V,, ~80km/s. The geocentric solar ecliptic system (GSE) has its X-axis
pointing from the earth towards the sun and its Y-axis is in the ecliptic plane pointing
towards dusk. Its Z-axis is parallel to the ecliptic pole (north—south). [From Wygant
et al. (2005).]

the formation of the electron current layer during the process of magnetic reconnection
in the earth’s geomagnetic tail.

Electric field and magnetic field measurements from the thinnest current sheet,
obtained between 09:40 and 09:50 UT, are presented in figure 10.5. The electric field
has a bipolar signature coinciding with a flip in the direction of the magnetic field.
Electric field reversal occurs at the center of the current sheet, suggesting the presence
of a strong potential well predicted by many numerical simulations. Wygant focused on
measurements of the large amplitude normal component of the electric field observed
near the reconnection X-line, the structure of the associated potential drops across
the current sheet, and the role of the potential structure in the ballistic acceleration
of ions across the current sheet. The measured width of the individual current sheet
was often very thin, in the range 60-100km (3-5¢/w,.). The observed high electric
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field structure would lead to a large 4-6kV electric potential well centered in the
separatrix region and over 8kV near the exhaust of the neutral sheet. Measured H™
velocity space distributions obtained inside the current layers provide evidence that
the HT ions are accelerated into the potential well along the Z-axis, producing a pair
of counter-streaming, double-peaked energetic H™ beams. These results reveal impor-
tant signatures of two-fluid reconnection dynamics, described in chapter 5 and in this
chapter: the strong potential well and a very thin (electron) current sheet. This is good
evidence that the flows of electrons and ions are quite decoupled. Based on their obser-
vations, they proposed the following mechanisms for the acceleration of ions in the
neutral sheet in the magnetotail:

(1) Incoming field lines bring magnetized electrons to the X-line, compress them, and
create a strong negative well near the z =0 line (figure 10.5).

(2) Nonmagnetized ions are accelerated along the Z-axis toward the center, overshoot,
and bounce back. During this process, ions are accelerated toward the exit along
the x-axis because of the wedge-shaped structure of the potential well; see MRX
data in Fig. 10.4. Based on this proposed scenario, the schematic diagrams they
developed then are shown in figure 10.6 on page 188. From these dynamics, the
generation of the observed counter-streaming ion beams was explained. It was an
excellent demonstration of very effective use of cluster satellite data.

Although magnetic measurements by space satellites used to be not as conclusive as
laboratory results, for which multiple reproducible plasma experiments can be carried
out, the space satellite diagnostics for the particle energy distribution function compen-
sate for this weakness and contribute importantly to the understanding of collisionless
reconnection. Multiple satellite observations also greatly improve the reliability and
effectiveness of space data analysis.

10.6 ION ACCELERATION AND HEATING IN THE TWO-FLUID
RECONNECTION LAYER

Back to MRX, we observe direct acceleration of ions near the separatrices due to the
strong electric field mentioned above, whose spatial scale is ~ 2 cm, smaller than the
ion gyroradius of ~ 5 cm. Figure 10.7(a) shows a two-dimensional profile of ion flow
vectors measured by Mach probes, along with poloidal flux contours (magnetic field
lines projected on the reconnection plane) and contours of electric potential ®,. It is
clearly noticeable that ion flows change their directions at the separatrices and are accel-
erated in both the Z- and the R-directions. Figure 10.7(b) depicts the spectrum of the
4686 A line of He II ions measured by the IDSP (Fiksel et al., 1998) at three locations.
The spatial resolution of this local spectroscopic measurement is 4 cm. This spectral
profile represents the local velocity distributions of ions versus vz. Shifted Maxwellian
distributions are observed at three typical positions as shown in figure 10.7(b). Notable
heating is observed as the ions flow out to the exhaust from the X-region, as demon-
strated in (b). The maximum ion outflow of 1.6 x 10° cm/s corresponds to 5eV of
energy per helium ion, which is much smaller than the magnitude of the potential
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Figure 10.6. Schematic diagrams of the ion acceleration mechanism contemplated by
Wygant et al. (2005). (a) The presence of a strong normal component of the electric
field was observed with a standing wave/current layer near the X-line. (b) The trajec-
tory of representative ions ballistically accelerated into 4—6 kV potential-well-forming
quasi-trapped counter-streaming beams. Counter-streaming beams produce effective
pressure, deceleration of ion fluid across a potential drop, and a jet at 1V, along the
outflow direction. (c) Schematic of ion fluid flow vectors consistent with averaging over
single particle trajectories.

decrease across the separatrices (~ 30 V). This indicates that ions must lose consid-
erable momentum as they pass through the downstream region.

The cause of this anomalously fast slowdown of ions, together with ion heating, is
considered to be “remagnetization” of the outgoing ions. Since it is difficult to verify
this mechanism experimentally, two-dimensional fully kinetic simulations have been
carried out to verify this remagnetization and understand how ions are heated down-
stream. In these simulations, realistic MRX global boundary conditions are used in
the PIC code VPIC (Bowers et al., 2008). In addition, Coulomb collisions are modeled
using the Takizuka—Abe particle-pairing algorithm (Takizuka and Abe, 1977; Daughton
et al., 2006), such that v;; /2; and A; mfy/d; are matched to the experimentally mea-
sured values, where v;; is the ion—ion collision frequency, €2; is the upstream ion
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Figure 10.7. See Color Plate 7. Ion dynamics in the ion diffusion region and sample
distribution functions. (a) 2D profile of measured flow vectors of ions are shown,
together with contours of poloidal flux lines and the electrostatic potential profile shown
in figure 10.6. Across the separatrices, ions are accelerated toward the exhaust direction.
(b) Normalized spectra of measured He II 4686 A line (ion) at three different locations
specified with crosses in (a). The He II spectral lines are renormalized by local ion
temperature. (c) Sample ion trajectories in a PIC-simulated reconnection plane with
(thick solid line) and without (thick dashed line) collisions. (d) Data from numeri-
cal simulation corresponding to the measurement (b) is shown. [From Yamada et al.
(2016b).]

cyclotron frequency, and A; mfp is the ion mean free path. As the normal (R) com-
ponent of reconnected magnetic field becomes stronger further downstream, as shown
in figure 10.7(c), the ion trajectory is significantly affected by the magnetic field of the
exhaust, and thus ions are remagnetized. With collisions, ions are almost fully thermal-
ized with a higher temperature than the initial value. We note that the ion and electron
dynamics are primarily dictated by (collision-free) two-fluid physics, even though some
energy loss mechanisms are influenced by collisions.

We obtain good agreement between the observed ion temperature profile and nume-
rical simulation results only with the correct collision frequencies. Figure 10.7(d) shows
the ion distribution functions in the simulation at three locations: at the X-point, sep-
aratrix, and exhaust. With realistic collisions, ions are almost fully thermalized at the
exhaust with a higher 7; than the upstream value. On the other hand, in the collisionless
simulation ion distribution is different from Maxwellian, although a broadening in the
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Figure 10.8. See Color Plate 7 for (a). (a) Measured energy deposition rate to ions
Ji - E. High-energy deposition is primarily due to j,, - E, which is concentrated in
the ion diffusion region. Energy deposition to ions occurs across the separatrices and in
a much wider region than for electrons. (b) Normalized spectra of measured He 4686 A
at three locations marked with crosses in (a). [From Yamada et al. (2015).]

ion distribution exists when it is compared to that at the X-point. These results indicate
that ion thermalization is due both to remagnetization and to collisional effects in the
downstream region.

An electrostatic acceleration of ions was observed near the separatrices due to the
strong electric field mentioned above, whose spatial scale is ~ 2 cm, smaller than the
ion gyroradius of ~ 5 cm.

Figure 10.8(a) shows profiles of the energy deposition to ions through j, - E. It
is found that this occurs primarily in the exhaust side of the separatrix lines and is
concentrated near the separatrices in the exhaust region, as seen in figure 10.8(a), (b).

This acceleration and heating of ions happens in a wide region, extending over an
ion skin depth: the ion diffusion region. These accelerated ions are then thermalized
by remagnetization through stochastic ion motions and some collisions in the down-
stream region. When the energy deposition rate to ions j; - E is decomposed into
Ji1 - E1+ jiE), the perpendicular component j;, - E is again found to be domi-
nant over j; £ in the regions where energy deposition to ions is maximum (Yamada
et al., 2015).

10.7 EXPERIMENTAL STUDY OF THE DYNAMICS AND THE
ENERGETICS OF ASYMMETRIC RECONNECTION

With the recent launch of the MMS (Burch et al., 2016b), the focus of reconnection
research has turned to the dynamics of asymmetric reconnection, in which the plasma
density of one side of the inflow region is significantly larger than the other (by fac-
tor of 10 or more). This is one of the most important features of the magnetopause
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reconnection, in which the pileup of the solar-wind plasma density is significantly
larger than the magnetosphere density by a factor of 10-50. In the reconnection layer
in the magnetopause, the solar-wind plasma pressure balances with the magnetic field
pressure of the earth dipole field. In the reconnection layer, the thickness of the current
sheet becomes comparable to the ion skin depth as well as the ion gyroradius, as we
learned in chapter 5. Ions become demagnetized within the reconnection region as the
magnetic field becomes small, while electrons are still magnetized and remain frozen
to field lines until they reach very close to the X-line. This reconnection region is still in
the two-fluid regime. In the vicinity of the X-line, even electrons become demagnetized
and diffuse; thus we call this region the electron diffusion region.

Unique features of asymmetric reconnection have been observed in space (Mozer
et al., 2008a) and numerical simulations (Mozer et al., 2008b; Tanaka et al., 2008).
In asymmetric reconnection, the quadrupole out-of-plane magnetic field (QF) and the
bipolar in-plane electric field, which are two signatures of symmetric collisionless
reconnection, become almost bipolar and unipolar, respectively. Moreover, strong den-
sity gradients form near the low-density-side separatrix, where strong electric field fluc-
tuations are frequently observed (Pritchett et al., 2012; Roytershteyn et al., 2012). The
upstream density asymmetry also impacts the ion flow pattern by shifting the ion inflow
stagnation point to the low-density side.

Here, let us study the first quantitative analysis of asymmetric reconnection in a lab-
oratory plasma reported recently by Yoo et al. (2013), in which a significant upstream
density ratio of up to 8 was systematically created in MRX.

Figure 10.9(a) shows a cross-section of the MRX device in the R—Z plane for asym-
metric reconnection experiments. The two gray circles are “flux cores” that each con-
tain two independent coils: a PF coil and a TF coil. As shown in figure 10.9(b), the
upstream density asymmetry is generated during the plasma formation period (before
driving pull-reconnection) using the inductive electric field from the increasing TF coil
current ETg. For this experimental campaign, the direction of ETF is radially outward
during the plasma formation, such that ions are pushed to the outboard side, increas-
ing the outer density and thus generating a density asymmetry along the R-direction.
Generally, the heavier the ion species is, the longer this process takes. Thus, the density
asymmetry during the quasi-steady period can be varied by controlling the TF wave-
form and using different gas species. We use helium as a filling gas for asymmetric
reconnection, and deuterium to create a relatively symmetric plasma. In addition, for
the scaling study, the helium fill pressure is varied for further control of the upstream
density ratio up to 10.

The main diagnostics for this study are the same as those of symmetric reconnection
experiments described earlier. Extensive R—Z scans of Langmuir probes and Mach
probes are conducted to obtain two-dimensional profiles of n,, T, ®,, and V; for both
asymmetric (4.5 mT helium discharges) and symmetric (4 mT deuterium discharges)
cases.

Figure 10.9(c) shows clear differences in the radial density profile at Z = 0 between
the asymmetric and symmetric cases. For the asymmetric case, the outboard side (R >
37.5cm) has up to 8 times larger density than the inboard side (R <37.5cm). The
main transition from low to high density occurs on the low-density side. The measured
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Figure 10.9. A cross-section of MRX. (a) MRX setup. (b) Schematic view of the ion
dynamics for generating an asymmetric density profile during the plasma formation
period. The blue arrows indicate the direction of the TF coil current. The arrows demon-
strate the ion flow patterns before we start the reconnection operation by pulling field
lines toward the X-point. (c) Radial electron density profiles at Z =0 for both asym-
metric and symmetric cases. (d) Radial profiles of the reconnecting magnetic field com-
ponent (Bz) at Z =0. [From Yoo et al. (2013).]

two-dimensional density profile (not shown) shows that a strong density gradient forms
at the low-density-side separatrix, which is consistent with numerical simulations
(Pritchett, 2008; Tanaka et al., 2008). For the symmetric case, the upstream density
is very similar and density peaks at the center of the current sheet (R =37.5 cm).

Reconnecting magnetic field (Bz) profiles at Z = 0 are rather similar, as shown in
figure 10.9(d). Despite the large density asymmetry, the low-density side has only about
a 15-30% larger Bz magnitude than the high-density side. The asymmetry in the mag-
netic field magnitude does not have to be strong to ensure the pressure balance across
the current sheet because the magnetic pressure is proportional to B2, while the particle
pressure is proportional to n. In many space observations, the upstream magnetic field
strength ratio is also much smaller than the upstream density ratio (Mozer and Pritchett,
2011).

The upstream density asymmetry modifies the quadrupole out-of-plane magnetic
field profile, as shown in figure 10.10. For the asymmetric case, the magnitude of the
QF on the high-density side (~ 90 G) is about twice the symmetric case (~ 45 G). The
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Figure 10.10. See Color Plate 8. 2D profiles of the out-of-plane magnetic field
(By) for (left) asymmetric and (right) symmetric cases. Compared to the symmetric
case, the quadrupole magnetic field component is enhanced on the high-density side
(R > 37.5cm) and suppressed on the low-density side (R <37.5cm). Plus signs (in
red) are stagnation points for poloidal ion flows, showing a strong shift to the low-
density side for the asymmetric case. Black lines indicate contours of the poloidal
magnetic flux that represent magnetic field lines. [From Yoo et al. (2013).]

low-density side, on the other hand, is only about 10-20 G, which is about one-third of
the symmetric case.

This asymmetric quadrupole profile can be explained by the Hall term in the gener-
alized Ohm’s law. Since the reconnection electric field, which is balanced by the J x B
Hall term in the upstream region (Ren et al., 2008), should be the same on both sides
of the layer, we have

Erec =—v1B1 ~ —vy By, (10.1)

where subscript 1 indicates upstream quantities on the high-density side, while the
subscript 2 means those on the low-density side. Thus, the Hall current of the high-
density side, Ji ~ (n1v1)/(nav2)Ja ~ (n1/n2)(Ba/B1)J2 ~ (n1/n2)'/? I is larger by
(n1/n2)'/? over the lower density side based on a pressure balance between the high
and low density plasma systems. Since the QF is generated by the Hall current, the
high-density side thus has a larger magnitude of the QF by the square root of density
ratio, 3-4.

Using IDSPs to measure the ion temperature, about 300 pieces of magnetic probe
to measure the vector magnetic field B, Mach probes to measure ion flows, and triple
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Langmuir probes to measure electron temperature and density, the dynamics of the
plasma within the reconnection layer were studied without an externally imposed guide
field.

The different electron flow patterns generate quite different Hall field patterns in
the reconnection plane, as seen in figure 10.10(a), (b). The measured flow profiles of
ions clearly demonstrate that two-fluid reconnection is at work in MRX. Ions, which
become demagnetized as they enter the ion diffusion region, are accelerated across the
separatrices, flowing outward to the exhaust direction, as seen in (c). In contrast to the
case of symmetric reconnection, we observe that inflowing ions also form a stagnation
point (denoted by a circle) near the X-line (X-point) on the low-density side, with a shift
of about 2-3 cm (0.3-0.5d;). This was also verified in the two-dimensional simulation
that will be described later.

10.7.1 Energy deposition and structure of the electron diffusion region
in the asymmetric reconnection layer

As in the case of symmetric reconnection, we identify a two-scale diffusion layer in
which an electron diffusion layer (half-width ~ 5 mm in MRX) resides inside the ion
diffusion layer (half-width ~ 6 cm in MRX (He gas)). In this situation, the ion diffusion
layer is characterized by the regime where E 4V, x B=0with E + V; x B #0. The
electron diffusion layer is the regime E + V, x B=E’ #0, where E’ is the electric
field in the electron fluid frame. Just outside the electron diffusion layer, E’ =0 holds,
namely electrons move with magnetic field lines in the reconnection plane (electron-
flux freezing; chapter 5), and this relationship was clearly verified by quantitatively
evaluating force balance in MRX (Yoo et al., 2013; Yamada et al., 2014). We note
that in the case of MRX, the difference between E and E’ is relatively small since
Ve is much smaller than the electron thermal velocity (V, ~ 0.1 Ve, where Vey, is the
electron thermal velocity), but this does not apply for MMS data.

In the asymmetric MRX experiments, we observe distinctly different flow patterns
compared to the symmetric case which was presented previously. Figure 10.11(a),
(b) presents measurements of the electron flows in two- and three-dimensional views
within one half of the reconnection plane. As seen in the figure, electrons are flowing
out in the Y -direction as well as toward the exhaust in the Z-direction. The out-of-plane
electron drift velocity becomes very large at the stagnation point of in-plane electron
flows, which is located near the X-line but shifted toward the lower-density side by
several electron skin depths ~ 5-7¢/wp.. The out-of-plane magnetic field nominally
exhibits a quadrupole pattern during symmetric reconnection, a signature of the Hall
effect, but is modified significantly during asymmetric reconnection due to shifted pat-
terns of Hall currents, as seen in the color contours of (b). Due to this nearly bipolar
structure seen in the reconnection plane (a), wherein reconnecting field lines move
together with electrons, the reconnection plane is tilted to the Y-direction as shown in
(b). This plane is orthogonal to the y-axis for symmetric reconnection. It should be
noted that the tilt is strong in the high-density inflow region due to the stronger out-
of-plane Hall field component. The electrons, which move together with the flow of
magnetic field lines in the tilted plane in the high-density side, become demagnetized
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Figure 10.11. Electron dynamics observed in an asymmetric reconnection. (a) In the
reconnection plane, electron flows together with reconnecting field lines. The X marker
at (R, Z)=(37.6,0) is the X-line and the black circle denotes the stagnation point
of in-plane electron flow. (b) 3D views of electron flow vectors with respect to the
reconnecting field lines. Because of the dipole structure of the out-of-plane mag-
netic field, the reconnection plane is tilted in the Y-axis in the high-density (upper)
side. Note the strong electron current in the Y-direction at the stagnation point. (c)
Energy deposition to electrons through j, - E is concentrated in the electron diffusion
region around the stagnation point, as well as in the lower-density side of the exhaust.
(d) The perpendicular component j, £ is much larger than j. £ and is concen-
trated in the electron stagnation point, while the contribution from j. E) is notable
on the lower-density side of the exhaust as seen in (c) and (d). [From Yamada et al.
(2018).]

in the electron diffusion region and stream out in the Y-direction as well as in the Z-
direction.

With respect to the energy deposition rate to electrons j, - E, j.1 E] is measured
to be significantly larger than j E near the X-line. Near the electron stagnation point,
Je1 E 1 is larger than j. £} by more than an order of magnitude. It was shown earlier
in MRX that in symmetric reconnection without a guide field, the energy dissipation to
electrons occurs primarily due to j. ] £ only near the center of the electron diffusion
region, the X-line. However, in asymmetric reconnection, it is verified that j, - E peaks
up through j.  E| at the stagnation point of the electrons’ in-plane flow, which is
separated from the X-line by ~ 5-6¢/wp.. Recent analysis of data from MMS also
verified this key feature by demonstrating that the value of j, - E peaks when MMS
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Figure 10.12. Electrostatic potential profile and ion acceleration in MRX in asymmetric
reconnection. (a) The inversed-saddle shaped potential well is shifted toward the low-
density side and a sharp potential drop occurs in the low-density side of the exhaust
region, as is visible in the dark section shifted to the bottom section of reconnection
layer. (b) The ion velocity distribution in the Z-direction was measured by the IDSP
spectroscopically. The peak of the ion distribution function in V;z increases to higher
values toward the downstream. Measured velocity V;z is normalized by the ion thermal
velocity in the X-line region. Compared to the symmetric case, ions are not significantly
accelerated near the separatrix on the high-density side (green line). The ion tempera-
ture in the exhaust region (red line) is also slightly lower. The change of the in-plane
potential profile is responsible for these differences. See the dark section in the lower
bottom part of the figure. Error bars are the square root of the number of photons. [From
Yamada et al. (2018).]

encounters (Burch et al., 2016b) the electron stagnation point in the electron diffusion
region, as will be discussed in chapter 12.

10.7.2 Ion dynamics and energetics in MRX and the magnetosphere

The large in-plane electric field plays a key role in ion acceleration and heating, as dis-
cussed in earlier sections. Recent studies have identified the mechanisms involved in the
in-plane electrostatic field being generated by the force balance of the electrons flowing
through the center of the reconnection layer. During symmetric reconnection in MRX,
it was found that the measured in-plane electric potential profile is an inversed-saddle
shape and the resulting electric field is three times larger than the reconnection electric
field. However, during asymmetric reconnection, the inversed-saddle shaped potential
well is shifted toward the low-density side and a sharp potential drop occurs on the low-
density side of the exhaust region, as shown in figure 10.12(a). The unmagnetized ions
are accelerated by the in-plane electric field in the exhaust region in both the Z- and
X-directions, primarily in the high-density side, and are heated further downstream.
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This is in contrast to the symmetric case in which ions are accelerated on both sides
of the separatrices. For the case of symmetric reconnection, the value of j; | - E |,
which is the ion energy gain per unit time and unit volume, is about 3040 W/cm®
near the separatrices (Yamada et al., 2018). For the asymmetric case it is reduced to
about 15 W/cm?, although the ion acceleration region is notably wider. Figure 10.12(b)
presents the velocity space distribution of ions at the three locations denoted in (a).
One can see that the ions are drifting downstream with an elevated temperature, which
is caused by stochastic motions of ions and some collisional effects.



Chapter Eleven

Analysis of energy flow and partitioning in the

reconnection layer

11.1 FORMULATION FOR A QUANTITATIVE STUDY OF
ENERGY FLOW IN THE RECONNECTION LAYER

During magnetic reconnection, the conversion of magnetic energy into particle energy
in the form of particle heating and acceleration with high nonthermal energies is per-
haps the most important aspect. Here, let us investigate the mechanisms of the energy
release and conversion processes by formulating an inventory of energy in a proto-
typical reconnection layer. Keeping in our minds the two types of reconnection layers
shown in figure 11.1, we compare the fundamentally different natures of energy con-
version analysis. We start with an MHD (magnetohydrodynamic) formulation and then
move into the energy dynamics of the magnetic reconnection layer where the two-fluid
and kinetic physics mechanisms become dominant. A previous investigation was car-
ried out in an MHD regime using (ad hoc) resistivity, which provides dissipation and
enables reconnection (Birn and Hesse, 2005). In more realistic models of collisionless
reconnection, such as in the magnetosphere and hot laboratory plasmas, the dissipation
from plasma kinetic waves electron inertia (which causes nongyrotropy of the elec-
tron and pressure tensor) (Vasyliunas, 1975; Hesse et al., 1999, 2001) becomes more
important. We here note that quantitative results on energization and energy conversion
can depend on the system size considered. In smaller systems, such as those usually
considered in particle simulations of magnetic reconnection or laboratory experiments,
the actual dissipation in the reconnection layer is substantial and can be more easily
quantified with respect to the inflow magnetic energy. In this chapter, we use the for-
mulation of Yoo thesis (2013) and Yamada et al. (2016a) recently developed. Let us
start our investigation by considering a simple Sweet—Parker-type reconnection layer
in an MHD formulation, as described by figure 11.1(a), and then move to a two-fluid
formulation in (b), for which we learned the mechanisms for energy conversion to
electrons and ions in the MRX (Magnetic Reconnection Experiment) in chapter 10. We
will try to develop a simple analytical theory for energy flows and will experimentally
measure the energy inventory and partitioning in the reconnection layer; we compare
the results with PIC (particle-in-cell) simulations.
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Figure 11.1. (a) Sweet—Parker model based on resistive MHD. Electrons and ions move
together throughout the reconnection region. (b) Two-fluid model for a collisionless
reconnection layer. Note the different motions of electrons and ions.

11.1.1 Basic MHD formulation for the Sweet—Parker model

In our resistive MHD formulation, magnetic fields move and diffuse in the rectangular
reconnection region of figure 11.1(a), where incoming plasma flux is balanced with
the outgoing flux, satisfying continuity equations for both plasma fluid and magnetic
flux. The reconnection rate depends on the Lundquist number L, (to avoid confusion
with the Poynting vector (S§), in this chapter we use L, instead of the conventional S to
denote the Lundquist number), which is usually extremely large: 10>~10% in laboratory
fusion plasmas and 10>~10'3 in space plasmas. In steady state, the inductive equation
introduced in chapter 3 can be simplified to

VinB = (17/8110) B, (IL1)

where Vi, is the inflow speed and § is the half-width of the diffusion region. Using the
continuity equation for plasma flows in the reconnection layer, Vi, L = Vo8, where L
is the half-length of the diffusion region and V,, is the outflow speed. Using pressure
balance between the upstream (B2 /2/10) and the downstream (~ pV?2/2, where p is the
mass density) regions, we have Vo = V4, which leaves us a very simple formula for
the reconnection speed Vj, as explained in chapter 3:

Vin = 3 = L’ (11.2)

LI

where V4 = B/,/iop is the Alfvén velocity and L, = uV4 L /1 is the Lundquist num-

ber, the ratio of the Ohmic diffusion time to the crossing time of the Alfvén waves.
We note that the slowness of the Sweet—Parker model comes from the assumption

that both plasma and magnetic flux have to go through a narrow rectangular neutral

sheet of thickness § = L/,/L,. However, it can be made much broader if we introduce
an effective resistivity 7efr, as shown in figure 11.1(a).
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11.1.2 MHD description of energy flow

Let us first study an inventory of overall energy flow in the reconnection region by the
single-fluid (MHD) model. We use a formulation with the energy transport equation
(Birn and Hesse, 2005),

ot

d / B>  €yE? 0 5
(30t 5 Fut 5V2)+ V- (S+H+K)=0, (113)

where u = (3/2) p is the internal energy density, p =n,T, + n;T; is the pressure, p =
mene +m;n; is the mass density, V is the single-fluid velocity, S =(E x B)/uo is
the Poynting flux, H = (u + p)V is the enthalpy flux, and K = (p/2) V>V is the flow
energy flux. In nonrelativistic plasmas, the electric field energy (egE?/2) is usually
neglected. The neglect of inductive electric field energy is a valid approximation for
the evolution of macroscopic magnetic fields, provided that the characteristic timescale
is much longer than the light crossing time. In nonrelativistic plasmas, the electrostatic
field energy can also be neglected. The above equation is used to analyze energy con-
version in the Sweet—Parker model, which is the most well-known MHD model for
magnetic reconnection.

Following the previous description of the Sweet—Parker model in chapter 3, the
incoming Poynting flux (Si,), flow energy (Kjn), and enthalpy (Hj,) flux of reconnec-
tion layer are expressed by

ErecBrec B2

Sin = 10 = PZZC Vin, (1 1 ~4)
3
pV. 1
Kil’l = 21n = —2Lq Sin, (115)
5 5
and Hinzipinvinzzlgsin- (11.6)

Here, pji, is the upstream pressure and § is the ratio of upstream plasma pressure to
reconnecting magnetic pressure. When L, > 1 and 8 <1, as is typical of magnetized
astrophysical plasmas, the total incoming flux is dominated by the Poynting flux.

The outgoing fluxes can also be expressed in terms of the incoming magnetic energy
flux Sin. Since the reconnection electric field is uniform over the layer due to the steady-
state assumption, we have

Erec = VinBrec = VA Boutv (11-7)

where Bgy is the magnetic field strength in the exhaust region. The outgoing Poynting
(Sout) and flow energy (Koy¢) fluxes are given by

Erec Bout _ Sin

TN

(11.8)

Sout =
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and

Vi _Vlig (11.9)
2 2 T ‘
The outgoing enthalpy flux (Hyy:) can be obtained using eq. (11.3). With the steady-
state assumption and the divergence theorem, the relation between the incoming and

outgoing fluxes is

Kout =

(Sin + Hin + Kin)L = (Sout + Hout + Kout)g- (1 110)

With this relation, and eqs. (11.4)—(11.9), Hyy is found to be

Hou = [(% +26)VI, - ﬁ}&n.

The above equations indicate that most of the incoming electromagnetic energy is
dissipated within the rectangular-shaped diffusion region and that the energy is equally
converted to plasma flow and thermal energy. The change in the magnetic energy flow
(AWyy) inside the diffusion region per unit time and unit length along the out-of-plane
direction is given by

(11.11)

AWM=—4(LS1H—SSout)=—4LSin<l — %) (11.12)
q
The outgoing magnetic energy is smaller than the incoming energy by a factor of 1/L,.
Since L, >> 1 for most astrophysical and large laboratory plasmas, the outgoing mag-
netic energy is negligible, which means that most of the incoming magnetic energy is
dissipated within the diffusion region by resistivity. At the same time, the changes in
the flow (A Wg) and enthalpy (A W) energy are written as

1

AWk =4(LKin — 8 Kout) = 2LSin(1 - L—) — _AWy/2, (11.13)
q
1

AWp = 4(LHin — 8 Hout) =2LSin(1 - L—) — AWy /2. (11.14)
q

Thus, there is an equipartition between the flow and thermal energy gains in the Sweet—
Parker model (Birn and Hesse, 2005; Yoo thesis, 2013). This equipartition means that
half of the incoming magnetic energy must be converted to flow energy in order to
achieve the required Alfvénic outflow.

11.2 ANALYSIS OF ENERGY FLOW IN THE
TWO-FLUID FORMULATION

Energy transport and conversion are again governed by conservation laws that can be
derived as moments of the Vlasov equation which governs the particle distribution in
phase space, in combination with Maxwell’s equations.
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For two-fluid dynamics, eq. (11.3) is modified to include the microscopic heat flux
g and the scalar pressure p, which is generalized to the total pressure tensor P:

2
%[ZB_MO + (u n %vﬁ)} +v. [s+ Z‘ (H, + K, +qs)} —0. (1115
s=e,i s=e,i

Here, uj, the internal energy of species s, is derived from the pressure tensor as u; =
Tr(Py)/2,and Hy =u, Vs + Py - Vs is the enthalpy flux for species s. In this form, the
only term added to the MHD energy transport equation (eq. (11.3)) is the divergence
of the microscopic heat flux of each species g,. If we can assume the heat flux at the
boundary is negligible and the diagonal terms of the pressure tensor are dominant for
both electrons and ions, the two-fluid energy transport equation should reduce to the
MHD energy transport equation.

Because electron and ion dynamics are quite different in the two-fluid regime, a
quantitative analysis of the energy partition in a two-fluid reconnection layer is not
straightforward to carry out. In fact, this difficulty is closely related to the fact that there
is a lack of a full analytical theory of two-fluid reconnection. Such a theory should be
able to self-consistently predict key reconnection parameters, such as the reconnection
rate, plasma outflow velocity, layer aspect ratio, and energy deposition. It is known
that the reconnection mechanisms can depend on many factors, including the boundary
conditions, asymmetry in upstream parameters, and the strength of the guide field.

11.3 EXPERIMENTAL STUDY OF THE ENERGY INVENTORY IN
TWO-FLUID ANALYSIS

For the energy inventory analysis in a reconnection layer, it is necessary to choose a
properly sized volume boundary and boundary conditions, since the energy conversion
process occurs not only over the ion diffusion region but also at so-called reconnec-
tion fronts where plasma jets originating from an active reconnection site interact with
background plasmas (Angelopoulos et al., 2013). The energy conversion process at the
reconnection front often depends on the boundary conditions there. To exclude effects
from a specific choice of boundary conditions, we set the volume size for the energy
inventory analysis such that it covers most of the ion diffusion region (IDR) as seen in
figure 11.2. In the MRX, this region was set as a 2L; x 2L; box, where L; is the length
of the IDR. In the case of the He plasma used in the experiment (Yamada et al., 2014),
L; is about 12 cm or 2¢/wp; and the half-width of the current sheet 6 is roughly 2 cm
or 0.3(c/wp;).

The energy inventory during two-fluid reconnection has been carefully examined
in a laboratory plasma (Yamada et al., 2014, 2015). Energy flux terms, as well as time-
derivative terms, are evaluated within a boundary that covers most of the IDR, as shown
in figure 11.2. Including the time-derivative terms is important since the plasma is not
perfectly steady state, and these terms represent changes in the energy enclosed in the
plasma volume. Details of the energy inventory analysis can be found in Yamada et al.
(2015).
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Figure 11.2. Boundary for the energy inventory analysis on MRX. The dashed magenta
box of ~2L; x 2L; shows the region where the analysis is conducted. The black lines
are the poloidal flux contours, representing magnetic field lines. [From Yamada et al.
(2015).]

Figure 11.3 shows the overall energy inventory during two-fluid reconnection in
MRX. The numbers in this figure are normalized by the incoming magnetic energy per
unit time, which is

Win=f d>x V- Sin, (11.16)
Iy

where I', is the volume of the plasma specified by the boundary in figure 11.2 and
Sin = Ey Bz /uoeg is the incoming Poynting flux, with er being the unit vector along
the R-direction. The actual value of Wi, is 1.9 MW. There are major differences in the
energy inventory between two-fluid reconnection and the Sweet—Parker model. First,
there is a significant outgoing Poynting flux, which accounts for 50% of the magnetic
energy. Since the aspect ratio of the ion diffusion region is only about 3, the MHD
component of the outgoing Poynting flux Svup = —(Ey Br/o)ez is not so small.
Moreover, there is also an outgoing Poynting flux associated with Hall fields, Sgan =
(ErBy/mo)ez — (EzBy/uo)er, whose contribution is as large as that of Syup, as
shown in figure 11.3. Second, the energy gain is dominated by an increase in thermal
energy for both ions and electrons; there is no equipartition. As mentioned in the previ-
ous section, it is important to note that the energy deposition to electrons predominantly
occurs in the EDR (electron diffusion region) through j, | - E | , and the energy deposi-
tion to ions occurs in the ion diffusion region through j, | - E . Accordingly, we have
to quantitatively evaluate how magnetic energy is converted to the thermal and flow
(kinetic) energy of electrons and ions within a toroidal boundary of minor radius 12 cm
and length 15 cm on MRX.

If the system is in a steady state, the time-derivative terms of eq. (11.15) become
zero. However, during the quasi-steady period of MRX, the plasma quantities are slowly
changing, while the reconnection rate is almost steady. For example, due to the decrea-
sing PF (poloidal field) current, the vacuum component of the magnetic field is
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1.9+0.2 MW
Rate of magnetic Magnetic energy Energy deposition Energy deposition
energy decrease outflow rate rate to electrons rate to ions
-0.19+0.02 MW 0.94+0.09 MW 0.35+0.06 MW 0.71+£0.15 MW
MHD Change of flow Change of flow
component — energy —_— energy
0.43+0.04 MW ~0 0.14+0.06 MW
Hall-field Change of Change of
component mp thermal energy| it thermal energy
0.51+0.05 MW 0.26+0.1 MW 0.27+0.1 MW
Energy loss rate Energy loss rate
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==Y radiation) neutrals)
0.15+0.08 MW <0.35 MW

Figure 11.3. Energy inventory during two-fluid reconnection in MRX. Every number
is normalized by the incoming magnetic energy per unit time Wi, = 1.9 MW. The elec-
tron flow energy increase is not shown because it is extremely small (~ 10~#). [From
Yamada et al. (2015).]

decreasing during the quasi-steady period. Thus, the total magnetic energy in I’ is
also decreasing, and is not negligible due to the large volume over which the inte-
gral is conducted. Therefore, the contributions from the time-derivative terms are all
included.
The total energy conversion rate to each species (per second) is separately com-

puted by

d*x j,-E.
Iy

W, = (11.17)

To obtain a change in a specific form of energy, we group associated terms in eq. (11.15).
The flow energy change of species s is given by

3 (ps 2 Ps ,2
AWy = | dx| = (Zv2)+v.(Zviv,) 11.18
K,s ,/I‘b x|:8t 7 'S + 5 Vs Vs ( )
and the thermal energy change of species s is defined as
AW —/ dx 8(3nT)+V (SnTV) (11.19)
H,s—rb atzss 2sss- .
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We note that quantities in the inflow region are taken into account, although those
quantities are much smaller than the incoming magnetic energy due to low 8 ~0.2 in
the inflow region.

We estimate the energy loss rate of each species by considering the electron and
ion heat flux, electron energy loss by impurity radiation, and ion energy loss to neu-
trals by charge-exchange collisions. The impurity radiation (~ 13% of W,) is primarily
from oxygen ions based on the spectral measurements. The ion energy loss via charge-
exchange collisions with neutrals was also evaluated (Yoo thesis, 2013).

In figure 11.3, all quantities are shown as rate of energy flow in and out (Wyy i =
1.9 MW). The outgoing Poynting flux is sizable in MRX where two-fluid reconnec-
tion occurs because the outgoing energy associated with Hall magnetic fields plays a
significant role. It was quantitatively evaluated how magnetic energy is converted to
thermal and flow (kinetic) energy of electrons and ions within a cylindrical boundary
with radial width 12cm (from R =32 to R =44 cm) and length 15 cm. In our local
energy flux inventory, about half of the incoming magnetic energy is converted to parti-
cle energy, one-third of which goes to electrons and two-thirds to ions. Our quantitative
measurements show that half of the incoming magnetic energy is converted to particle
energy with a remarkably fast speed of ~ 0.1-0.2(B%/2410) V4, in comparison with the
rate calculated by MHD of ~ (B2 /2u0) V4o L/S'? =0.03(B?/20), S = 900.

11.4 PARTICLE-IN-CELL SIMULATIONS FOR THE MRX
ENERGETICS EXPERIMENTS

To confirm that our idea of analysis is fundamentally valid, let us study the results
from the recent two-dimensional PIC simulations with two different boundary con-
ditions. Another reason for comparison with numerical simulations is that there are
several possible constraints on the applicability of the MRX experimental setup and
the analytical calculation based on a simple model to astrophysical and space plasmas,
including the effects of different boundary conditions, system size, and different ratios
of ion to electron temperatures that are found in typical space plasmas (e.g., the earth’s
magnetotail). In order to study these criteria, we can look at the data from kinetic sim-
ulations, wherein each of these constraints can be independently relaxed. For these
purposes, two sets of two-dimensional simulations with different boundary conditions
were performed. The geometry of the first simulation is shown in figure 11.4(a).

For all cases, the study employed the PIC code VPIC (Bowers et al., 2008), but two
types of simulations were carried out: (i) open boundary simulation without constraints
from the MRX flux core and (ii) PIC simulation reproducing MRX boundary condi-
tions. Length scales are normalized to the ion skin depth and timescales are normalized
to the upstream ion cyclotron frequency wc;. In the Harris equilibrium for the open
boundary simulation, the initial magnetic field profile is given by B = By tanh(x/8)z,
and the initial density profile is then n, =np + ng sech?(x /8); see figure 11.4(a). In
contrast, in the MRX simulation case in which an initial field is determined by the flux
core coil currents, the initial density profile is uniform.
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Figure 11.4. (a) In the open boundary simulations, the energy inventory is computed
within a square box shown here. Note that here we have normalized the box size L
to the upstream ion skin depth d;, rather than the initial ion skin depth d;¢. For this
simulation, d; ~ 2d;¢. (b) The energy inventory from the open-boundary simulation for
MRX is very similar to that of the MRX experiment (right-hand bar), suggesting that
downstream boundary conditions do not play a strong role in determining the total
energy conversion rate. The flows of the energy are defined here in the same way as
in section 11.3; namely AWy ., AWg ;, are electron and ion thermal enthalpy flows,
AWk ., AWK, i, are kinetic energy flows in the exhaust region, A Wg oy represents
outflow of magnetic energy through the Poynting vector. In the experiments, heat flux
is included in the loss terms AWog . by way of radiative losses and energy transfer
AWigss,i to neutrals. [From Yamada et al. (2015).]

In the Harris sheet simulation discussed here (Le et al., 2013), the initial sheet thick-
ness is given by § =0.5d;o, where d;¢ is the initial ion skin depth evaluated with ny.
The ion to electron mass ratio is matched to hydrogen, m;/m, = 1,836, and the sheet
temperature ratio is matched to a typical value in the magnetotail, T;o/ T.o = 5. Due
to computational constraints, wp./$2. =2 and the domain is 20d;¢ x 20d;o with open
boundaries (Daughton et al., 2006), and consists of 5,120 x 5,120 cells with ~ 1010
particles per species. In the MRX simulation reported in Yoo et al. (2014c), the size
of the boundary box where all relevant energy fluxes are computed is L; x L; where
L; =2d; is the size of the boundary calculated and d; is the ion skin depth evaluated as
defined in MRX.

The effects of the boundary conditions on the overall energy inventory can be stud-
ied by comparing the two sets of simulations mentioned above. The open boundaries
allow continual quasi-steady reconnection to proceed, while they eliminate any pos-
sible effects from downstream boundary conditions, such as the flux cores, in both
the experiment and MRX simulation. It also covers higher ion to electron temperature
ratios, and the lack of collisions more closely matches space plasma conditions.

In all cases, the energy inventory is quantitatively evaluated following the same pro-
cedure as for the experimental data; however, we neither directly compute nor estimate
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Table 11.1. Summary of energy conversion during collisionless reconnection. The
quantities are normalized to the magnetic energy inflow rate Wp.

MRX measurement Simulation
MRX Open Space
1.5d; x1.5d; 2d;x2d; boundary boundary observation
Wp inflow 1.0 1.0 1.0 1.0 1.0¢4
Wp outflow 0.51 0.49 0.6 0.53 0.1-0.3
W), to ions 0.31 0.37 0.26 0.29 0.39
W), to electrons 0.21 0.18 0.19 0.11 0.18

“The space data has uncertainties in measurements of the total incoming magnetic energy and the exact
size of the boundaries. The box size for the simulations is 2d; .

the heat flux in the simulations. In the experimental results, the heat flux is estimated
and incorporated along with estimates for radiation and energy transfer to neutrals into
the total loss terms AW joss. As shown in figure 11.4, the obtained energy inventory in
the simulation balances quite well (the sum is approximately 1) despite the neglect of
the heat flux terms. As a result, we can conclude that heat flux plays a negligible role
in the overall energy balance.

Since we are interested in studying the energy inventory during quasi-steady recon-
nection, the time window over which we compute the energy inventory is carefully
chosen. For the direct MRX (ii) simulation case, we choose data from around the time
t ~0.57, where t is the flux core driving timescale, while in the Harris sheet case we
choose the last time-point of the simulation, ¢/ 2; =34, as shown in detail in Yamada
(1995). These choices eliminate any transient phenomena associated with the onset of
reconnection and allow for a well-developed reconnection layer to be present.

Results from the simulations with different MRX boundary conditions are pre-
sented in table 11.1. With a box size of 2d; x 2d;, the energy inventory of the MRX
simulation is qualitatively similar to that of the present experiment. The total outgoing
magnetic energy is about 60% of the incoming magnetic energy (Wgs in). The contri-
bution of the first term on the left-hand side of eq. (11.15) is about 5% of Ws in. The
energy deposition to electrons (W,) is about 19% of W in, and the energy deposition
to ions (W;) is 26% of Wy in.

The results of the energy inventory in the open boundary simulation are shown in
figure 11.4. Remarkably, we find that over a broad range of scales, 1.5d; < L <4d;, the
energy inventory is approximately independent of box size. Furthermore, our simula-
tion results show decent agreement with the experimental results; approximately half of
the incoming Poynting flux is converted into particle energy, with most of this energy
going to the ion enthalpy. As a result, we can conclude that the experimental constraints
outlined above are likely not important in determining the energy conversion efficiency
during antiparallel magnetic reconnection.
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11.5 A SIMPLE ANALYTICAL MODEL OF ENERGY CONVERSION IN
THE TWO-FLUID RECONNECTION LAYER

In this section, let us develop a simple analytical model based on what we learned
from experimental results, as well as from numerical simulations. Let us consider how
we make a quantitative analysis regarding energy conversion in the reconnection layer
using a simplified model. Here we consider a prototypical two-dimensional antipar-
allel reconnection geometry and describe a simple quantitative analysis of the energy
inventory in the IDR. As electrons and ions move into the reconnection layer with dif-
ferent paths, the magnetized electrons penetrate deep into the reconnection layer, gen-
erating a strong potential well around the diffusion region. Simultaneously, the mag-
netic energy is transferred to the electrons. While energy deposition to electrons occurs
mostly within the EDR (Pritchett, 2010; Yamada et al., 2015), it also happens along
the separatrices. But the amount of the energy gain in the separatrix is much smaller
than that in the EDR. In this situation the electric potential ®,(x, z) is constant along
the reconnected field lines in the exhaust of the separatrix as shown in figures 10.4
and 11.1(b).

Energy deposition to ions occurs throughout the IDR, which extends to the sepa-
ratrix regimes, making the estimation a little difficult. We consider first the ion energy
gain in a two-dimensional geometry from the in-plane electrostatic field, which we
found to be the most dominant energy source for ion acceleration and heating (Yoo
et al., 2013). Assuming a simplified model for the analysis of electron current sheet
dynamics, with the IDR represented by a 2L, x 2L, rectangular box as shown in fig-
ure 11.5(a), we can calculate analytically how the magnetic energy is transferred to
plasma ions. In this region, magnetic field pressure energy is converted to electric field
potential energy through different motions of electrons and ions. The force balance of
the Harris sheet described in chapter 4 generates an electron current sheet with thick-
ness 8 and B, -profile of a reconnecting magnetic field as B = B tanh(x/§), where By is
the shoulder value of the reconnecting field. The dynamics of the electron current with
respect to ions (V, > V;) produce a strong well of electric potential as described by
eq. (11.28) (see figure 11.5(b), (c)). The ions are mostly demagnetized in the IDR, and
the energy gain for a single ion from the inflow region to the exhaust is eA®,, where
A®, is the plasma potential difference across the separatrices, which can be estimated
by the equation of motion for electrons (Yoo et al., 2013; Yamada et al., 2015). In other
words, magnetic field pressure energy is converted to electric field potential energy
through the motions of magnetized electrons in the background of nonmagnetized ions.

11.5.1 Electron dynamics generate a potential well and ions gain energy
in the reconnection layer

The electron equation of motion with respect to the x-direction (inflow direction) in the
reconnection plane is written as

1 ap.

Ey =V, B, — ,
en, 0x

(11.20)
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Figure 11.5. A simplified model for the energy inventory analysis. (a) The outside rect-
angular box of ~2L, x 2L, shows the region where the analytical model was con-
structed. (b) The force balance of the Harris sheet generates an electron current sheet
with thickness &5 and B, -profile of a reconnecting magnetic field as B = By tanh(x/J;),
where By is the shoulder value of the reconnecting field. (c) The dynamics of the elec-
tron current with respect to ions (V, > V;) produce a strong well of electric potential.
(d) 3D presentation of the potential profile ® p on the (x, z)-plane. The broken line rep-
resents the potential profile at L = Lz. lons are accelerated toward the lower potential
direction (darker gray color) to the exit.
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where x and y denote the normal and out-of-plane directions, respectively, and the
pressure tensor is simplified to be a scalar pressure. The second term of the right-hand
side is less than 10% in most cases and this suggests that the in-plane electric field is
primarily determined by the flux freezing principle introduced in chapter 5.

Here, let us employ the descriptions of a generalized Harris sheet (chapter 5, Yamada
et al. 2000) by approximating an electron current profile of width § extending all the
way to the exhaust region, as shown in figure 11.5(b), (c):

B, = By tanh (%) (11.21)
and
B
Jy = —% sech? (f) (11.22)
nod )

The current sheet thickness § is given by

¢ 2T+ T)]mi _ ¢ V2V

§= = ,
Wpi Vi—Ve Wpi Varift

(11.23)

where Vs =+/(T, + T;)/m; and Vg = V. — V; is the relative drift velocity between
electrons and ions. In the present case, V, > V;. It should be noted that the above solu-
tion is more general than the original Harris solution, which is limited to E; =¢ =0.
For the present case, setting T, =7; =T and V, > V; (in the reconnection layer of
MRX, electron currents dominate in all directions) yields 8 = (¢/w i) 2y/T [mi [ Vey).
In the MRX with helium gas, (V,) ~ 64/T/m;, thus we obtain § ~ (1/3)(c/wp;), which
is in good agreement with experimental results.
By substituting eqs. (11.21) and (11.22) into eq. (11.20) we obtain

Bo? 19
E, = 2% sech? (f) tanh ()—‘) L Y (11.24)
nod 1) ) en, 0x
By partial integration of
1 1
/ sech?(x’) tanh(x") dx’ = / sech(x)(sech(x) tanh(x")) dx’, (11.25)
0 0
and by using the relationship
X
/ sech(x’) tanh(x") dx’ = — sech(x), (11.26)
0
we obtain
1
2,7 / / 1
sech”(x") tanh(x") dx’ = X (11.27)
0

where x' =x/6.
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Thus, using the above results and by integrating eq. (11.24) along the x-direction,
we obtain the potential drop across the current sheet as

S
AD, =q>0=/0 E,dx (11.28)
Bo? ! AT,
=20 / sech?(x')tanh(x")dx’ — =<, (11.29)
2poelne) Jo e
B? AT,
=0 ¢ (11.30)
2upe(ne) e

where (n,) is the electron density averaged over the current sheet, By is the shoulder
value (the value just outside the current sheet) of the reconnecting magnetic field, and
AT, is the electron temperature difference between the center of the current sheet and
a point just outside. Based on the high electric conductivity of electrons along the field
lines, we can assume that this potential drop through the electron current layer extends
to the exhaust region along the separatrix to the edge of the IDR (namely the edge of
the boundary box), as seen in figure 11.5(b), (c). [Yamada et al., (2021)]

The temperature difference AT, is related to bulk electron heating during recon-
nection. This is found to be small with respect to the incoming magnetic energy per
electron—ion pair m; V2= Brzec/,uone (< 5%; Phan et al., 2014; Shay et al., 2014). If
we assume By = By, and using eqs. (11.4) and (11.28), the ratio of total ion energy
gain per unit length of the out-of-plane direction, W; to Wj, for each quadrant of the
reconnection plane, becomes

W, eA®,L; B3/2uo 1

AL =— =, (11.31)
Win SinL; Bi./mo 2

This result has a significant meaning, namely that half of the incoming magnetic
energy is converted to electrical potential energy due to the constrained motion of
magnetized electrons against ions, and ions are accelerated to the exhaust direction,
converting most of the electric potential energy to its flow and ion thermal energy.

11.5.2 Energy deposition to electrons in the reconnection layer

How about energy conversion to electrons? At the moment, the mechanisms of energy
conversion to electrons are not known. Here, let us employ a Sweet—Parker-type rectan-
gular-box-shaped energy conversion region for the EDR. Since the EDR is relatively
thin (~ 3-5¢/w..) and of uniform density compared to the ion scale, the incompress-
ible assumption of the Sweet—Parker model is justifiable. Then the electron outflow
Ve.out ~ (L¢/8¢) Ve in, Where L, and 8, are the half-length and half-width of the EDR
respectively, and V, i, is the electron inflow speed. From (11.7), one can show that the
outgoing magnetic energy is (L./8.)? times smaller than the total incoming magnetic
energy to the EDR. Since (L./8.) >> 1, the outgoing magnetic energy is negligible,
which means that most of the incoming magnetic energy to the EDR is converted to
electron energy. Then the ratio of the electron energy gain per unit length along the
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out-of-plane direction, W,, to the total incoming magnetic energy per quadrant and per

unit length along the out-of-plane direction to the IDR, Wj,, becomes
&%%ZE (11.32)
Win SinLi L;

where Sj, is the incoming Poynting flux associated with the reconnecting magnetic field

and the reconnection electric field, which is the same as in the Sweet—Parker model

(eq. (11.4)).

The length of the EDR is typically of order the ion skin depth (Daughton et al.,
2006; Shay et al., 2007; Karimabadi et al., 2007; Ren et al., 2008). The length of the
IDR, however, is harder to determine. If, for example, we define the IDR as the region
where the Hall effects exist then the IDR can reach several ion skin depths. Due to these
characteristics and a lack of theory of two-fluid reconnection, there is no consensus
for L,/L;, which can also depend on the system size for our modeling or boundary
conditions. In MRX, L./L; was measured to be about 1/5, with L, ~d; and 5L; ~ L,
where L is the system size; thus we expect that about 20% of the incoming magnetic
energy is transferred to electrons. Generally, as we expand the system size the electron
partition goes down based on this relationship.

An important feature of energy conversion in the two-fluid reconnection layer is
that the outgoing magnetic energy is not negligible, owing to the relatively small aspect
ratio. From the above quantitative discussions, (W, + W;)/ Wi, is about 50%, which
means that we should expect that about 50% of the incoming magnetic energy flows
out without conversion. This should be caused by the characteristics of the two-fluid
reconnection layer: (1) Since the fast reconnection rate is primarily facilitated by the
Hall fields, a large outgoing Poynting flux should be generated by the in-plane E field
and the out-of-plane Hall magnetic field. (2) With the fast reconnection speed facilitated
by Hall effects, the ratio of the inflow velocity to the outflow velocity would be close to
a fraction of unity, resulting in a smaller aspect ratio for the ion diffusion region (L; /§;).
As a result, a sizable amount of the outgoing Poynting flux should persist. These obser-
vations are generally consistent with recent space observations (Angelopoulos et al.,
2013; Eastwood et al., 2013). A comparative study between the energy inventory in the
reconnection layer of MRX and space observations (Eastwood et al., 2013) is described
in more detail in Yamada et al. (2016b).

11.6 SUMMARY AND DISCUSSIONS ON THE ENERGY INVENTORY
OF THE RECONNECTION LAYER

In this chapter we have studied how the magnetic energy is transferred to plasma par-
ticles in the reconnection layer using both MHD and two-fluid models. We have found
that in the MHD model, the outflowing magnetic energy is very small and most of
magnetic energy is tranfered to particles, while the reconnection velocity is slow. In the
two-fluid reconnection regime, on the other hand, the reconnection velocity is much
faster while 50% of magnetic energy is converted to particle energy, primarily ions and
the other 50% flows out of the exhaust region.
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In the two-fluid reconnection, there is an outgoing Poynting flux associated with the
Hall fields, i.e., the out-of-plane magnetic field and in-plane electric field. For recon-
nection with a negligible guide field, this outgoing flux (Syan) is much larger than the
MHD-based outgoing Poynting flux associated with Boye and Erec, SMup (Eastwood
et al., 2013; Yamada et al., 2014). Overall the quantitative measurements show that
half of the incoming magnetic energy is converted to particle (enthalpy) energy with a
remarkably fast speed, 0.1-0.2(B%/2410) V4 in comparison with the rate calculated by
MHD, ~ (B?/2110)VaL/S'? =0.03(B*/2410) Va, S = 900.

The above energy inventory is for the case without a significant asymmetry across
the current sheet. Recently, reconnection with a significant (~ 10) density asymmetry
has been studied (Yoo et al., 2014b). These laboratory studies of asymmetric recon-
nection are of importance since reconnection in nature often has large asymmetry in
plasma parameters, such as density and temperature, across the current sheet. A typical
example is reconnection at the dayside magnetopause, where the solar-wind plasma
interacts with magnetospheric plasma (Mozer and Pritchett, 2011). Then, the natural
question is how the energy inventory changes in asymmetric reconnection.

It is found that the fraction of magnetic energy converted in the ion diffusion region,
which is about 50%, does not notably change, but the detailed energy inventory is dif-
ferent in asymmetric reconnection (Yoo et al., 2017; Yamada et al., 2018). In particular,
the ratio of ion energy gain to electron energy gain changes to a smaller value than 2.
This change comes mostly from the fact that the density asymmetry changes the Hall
field profiles: the Hall electric field on the high-density side, where most of the ions are
flowing to the exhaust, becomes much weaker, and thus the ion energy gain becomes
smaller. For electrons, there is additional energy gain near the low-density-side sepa-
ratrices where a strong pressure gradient exists, thereby increasing the electron energy
gain.

How the energy inventory changes for different situations, such as reconnection
with a guide field, has yet to be studied. The systematic dependence of the energy inven-
tory on various upstream parameters, such as plasma beta and collisionality, should also
be studied in the future.



Chapter Twelve

Cross-discipline study of the two-fluid dynamics
of magnetic reconnection in laboratory and

magnetopause plasmas

12.1 BACKGROUND OF A COLLABORATIVE STUDY OF TWO-FLUID
DYNAMICS IN THE RECONNECTION LAYER

As we learned in chapters 8 and 10-12, we now know that two-fluid dynamics, by
decoupling ions and electrons, dictate the mechanisms of the reconnection layer in
both laboratory plasma and the magnetosphere. Hall effects have been shown to facili-
tate the fast reconnection observed in collisionless magnetospheric plasmas and nearly
collision-free laboratory plasmas.

In the reconnection layer of the magnetopause, the solar-wind plasma pressure bal-
ances with the magnetic field pressure of the earth dipole field, thus creating the con-
dition that the plasma pressure is equal to the magnetic pressure of the magnetosphere:
B ~ 1. In the reconnection layer, the thickness of the current sheet becomes comparable
to the ion skin depth as well as the ion gyroradius. Ions become demagnetized within
the reconnection region as the magnetic field becomes small, while electrons are still
magnetized and remain frozen to field lines until they reach very near the X-line. In
other words, this reconnection region is dominated by two-fluid dynamics. In the vicin-
ity of the X-line, even electrons become demagnetized and diffuse, and thus we call
this region the electron diffusion region.

In this chapter, let us directly compare the dynamics and energetics of an asymmet-
ric reconnection layer observed both in the laboratory plasma of MRX and in the mag-
netopause by the MMS (Magnetospheric Multiscale Satellite) and discuss our results
in the context of two-fluid physics, aided by simulations. As mentioned in chapter 11, a
laboratory study on the mechanisms of energy conversion and energy partitioning made
significant progress toward understanding these issues in a nearly collision-free envi-
ronment. Simultaneous measurements by a few hundred magnetic probes can capture
global features of field evolution in the reconnection layer in the MRX plasma. On the
other hand, coordinated MMS measurements by four satellites can document detailed
local properties, including measurements of the velocity—space particle distributions.

Thanks to self-similar scaling, both MRX (Magnetic Reconnection Experiment)
and the magnetosphere plasma systems reside in the same regime of magnetic re-
connection dynamics in which two-fluid physics dominates. Table 12.1 shows key
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Table 12.1. A comparison of representative plasma parameters and scale sizes of MRX
and the magnetopause reconnection layer shows amazingly similar characteristics. Note
that S > 1 is satisfied for ideal MHD to be valid globally in both cases. [From Yamada
et al. (2018).]

MRX Magnetopause Ratio
System scale size (L) 6
half recon. layer length 0.1-0.2m 100-200km 1
Ton skin depth 3.6%102m 30-60 km 100
(di =c/wpi)
Electron skin depth 1-2 mm 1-2km 100
(de =c/wpe)
Normalized scale length 3 3 ~1
(L*=L/d;)
Plasma pressure
. , 0.5-1 0.5-1 ~1
high-B side (Bhigh)
Plasma pressure
low-§ side (Fiow) 0.05-0.1 0.03-0.1 1
. Ideal MHD is
3 10
Lundquist number (S) > 10 > 10 valid globally

parameters of both systems, indicating that the length scale of the reconnection region
is about three times the ion skin depth (d; =c/w);). The table demonstrates that the
plasma parameters of the MRX and the magnetopause are in the same regime of two-
fluid physics, namely different motions of ions and electrons, S>> 1, the same nor-
malized length scale ~ 3, and a similar density asymmetry of a factor of 10. In both
systems, the density asymmetry of the inflowing plasma is about 10. Additionally, the
Lundquist number S (the ratio of resistive magnetic diffusion time to the Alfvén transit
time) is also significantly larger than 1 (S>> 1), which makes it possible to describe
global plasma dynamics by ideal MHD (magnetohydrodynamics) except at the recon-
nection layer. Due to the above self-similar conditions and relationship, reconnection
in MRX is expected to share key qualitative and quantitative characteristics with recon-
nection in the magnetosphere in terms of plasma dynamics and energetics. This allows
a high level of cross-discipline examination between laboratory measurements and
space observations. Moreover, magnetic reconnection in both MRX and the magne-
tosphere is driven by external forcing, i.e., flux cores in MRX and the solar wind in the
magnetosphere. Using the two-fluid physics analysis, we compare our results on the
plasma dynamics as well as on the energy conversion mechanisms during asymmetric,
antiparallel reconnection measured in MRX with MMS satellite measurements at the
magnetopause. For example, the observational verification of electrons’ motion frozen
to field lines outside the electron diffusion region described in chapter 8 matches the
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Figure 12.1. MRX apparatus and demonstration of two-fluid effects. (a) MRX appa-
ratus to generate asymmetric reconnection in the current sheet. Each flux core (gray
circles) contains two sets of internal coils that are used to create plasma and to drive
reconnection. By controlling the sequence of coil currents and the initial plasma flows,
asymmetric reconnection is formed with electron density asymmetry up to 10. (b) Mea-
sured flow vectors of electrons (long dark arrows) and ions (short thin arrows) in the
full reconnection plane, together with poloidal flux contours (gray lines) and contours
of the out-of-plane magnetic field. The marker X at (X, Z) = (37.6, 0) cm denotes the
location of the X-line where the magnetic field is near zero, the upper filled circle at
(X, Z)=(36.5, 0) cm is the stagnation point of in-plane electron flows, and the lower
circle at (X, Z) = (35.8, 0) cm is the stagnation point of ion flows. (c) 3D view of mag-
netic reconnecting field lines. The movement of the field lines in the reconnection plane
can be tracked in a supplementary video (attached link for this book) from MRX data.
Because of the dipole structure of the out-of-plane magnetic field, the plane where field
lines move with electrons is tilted with respect to the Y-axis on the high-density side.
[From Yamada et al. (2018) see a color version, Fig. 1. https://mrx.pppl.gov/mrxmovies
/Asym.mp4]

earlier measurements in MRX well (described in chapters 5, 10) in which the elec-
tron dynamics are analyzed in terms of two-fluid physics in symmetric reconnection.
If the same two-fluid mechanisms in two-dimensional analysis should operate in both
systems despite vastly different scale sizes and collisional conditions, we expect good
agreement between the two data sets.

Figure 12.1 shows a schematic of MRX (in (a)), together with the measured flow
of electrons and ions in the reconnection layer overlaid on contours of the poloidal
flux (in (b)). Experiments are carried out in a setup in which two toroidal plasmas,
each with an annular cross-section, are formed around two flux cores (gray circles
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in figure 10.1(a)). Each flux core contains both TF (toroidal field) and PF (poloidal
field) coils. As usually done on MRX and explained in detail in chapters 5 and 6, by
controlling the currents in the two coils, we can routinely generate the reconnection
layer in a controlled manner and detailed plasma parameters are measured by inter-
nal probes. In this experimental campaign, by controlling the sequence of coil cur-
rents and the initial plasma flows in a special way, asymmetric reconnection is formed
with an electron density asymmetry factor of 8—10. Plasma parameters are typically as
follows: n.! (high-density, sheath side) ~4 x 10" cm™3, n.!! (low-density, magne-
tosphere side) ~ 5 x 1012 cm ™3, T, =5-15eV, B =0.1-0.2kG, S (Lundquist number)
> 500; the electrons are mostly magnetized (gyroradius p, ~ 1 mm < L, where L is
the length of the reconnection layer), while the ions are not. The mean free path for
electron—ion Coulomb collisions is in the range 5-30cm (> the layer thickness) and,
as a result, the reconnection dynamics are dominated by two-fluid and kinetic effects,
despite some collisional effects that were seen. In our coordinate system (X, Y, Z), Bz
is the reconnecting field component and Y is along the out-of-plane axis.

Using a variety of diagnostics, a study of the dynamics of the plasma within the
reconnection layer was made without an externally imposed guide field. Figure 12.1(b)
depicts flow vectors of ions and electrons across the whole reconnection plane, along with
poloidal flux contours and colored contours of the out-of-plane magnetic field component
By (see a color version, Fig. 1 of Yamada et al. 2018). It should be noted that the high-
density side of the reconnection plane in which magnetic field lines move with electrons,
is strongly tilted with respect to the Y -axis, as shown in figure 12.1(c). This unique feature
of the asymmetric reconnection is caused by the decoupling of electrons and ions, and
Hall effects which generate a dipole field shown in figure 12.1(b). The Hall current is
carried by electrons flowing toward (away from) the X-line in the high- (low-) density
side, as seen in figure 12.1(b). The electron flows toward the X-line in the separatrix
region of the high-density side have been measured by MMS at the magnetopause in
agreement with figure 12.1(b). This measurement was also verified in a two-dimensional
simulation. The electron flow vectors in the reconnection plane are derived from the
electron current profile, which is obtained from the magnetic field profile measured by
fine-scale magnetic probes. The measured flow profiles of electrons and ions clearly
demonstrate that two-fluid reconnection is at work in MRX. Tons become demagnetized
as they enter the ion diffusion region, whose width is about the ion skin depth, and are
accelerated across the separatrices, flowing outward to the exhaust direction, as seen
in figure 12.1(b). In contrast to the case of symmetric reconnection, we observe that
inflowing ions also form a stagnation point (denoted by a blue circle) near the X-line
(X-point) on the low-density side with a shift of about 2-3 cm (0.3-0.5d;).

12.2 DYNAMICS OF THE ELECTRON DIFFUSION REGION AND
ENERGY DEPOSITION MEASURED BY MRX

First, the experimental analysis both on MRX and MMS demonstrates that the primary
energy deposition on electrons occurs again through j, | - E |, which is now strong
at the stagnation point located near the X-point (Yamada et al., 2018). The potential
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Figure 12.2. Electron dynamics and energy deposition observed in an asymmetric
reconnection. (a) 3D views of electron flow vectors with respect to the reconnecting
field lines. Because of the dipole structure of the out-of-plane magnetic field, the recon-
nection plane is tilted in the Y-axis in the high-density (upper) side. Note the strong
electron current in the Y-direction at the stagnation point. (b) Perpendicular compo-
nent j, | - E | is dominant and concentrated in the electron stagnation point, while the
contribution from j, - E| is notable on the lower-density side of the exhaust. [From
Yamada et al. (2018).]

well is observed to shift toward the lower-density side of the exhaust region in MRX,
as described in chapter 10. As was the case in symmetric reconnection, the accelerated
ions are thermalized by remagnetization in the downstream region with some additional
collisional effects. Near the electron stagnation point, j,, - E | is significantly larger
than j, - E. It was observed in MRX that in asymmetric reconnection without a guide
field, j,, - E peaks up through j,y - Ey at the stagnation point of the electrons’ in-
plane flow, which is separated from the X-line by ~ 5-8 electron skin depths to the
lower density side.

Figure 12.2 shows the profiles of the electron flow vectors and energy deposition
rate. The electron flow vectors in the reconnection plane are derived from the electron
current profile, which is obtained from the magnetic field profile measured by fine-scale
magnetic probes as explain in chapter 10. But in this asymmetric reconnection case, the
reconnection plane is tilted in the Y-axis in the high-density (upper) side because of the
dipole structure (not a quadrupole) of the out-of-plane magnetic field. It should also be
noted that there is a strong electron current in the Y-direction at the stagnation point.

Recent analysis of data from MMS also verified this key feature by demonstrating
that the value of j,, - E| peaks when MMS encounters the electron stagnation point
in the electron diffusion region.

12.3 DYNAMICS OF THE ELECTRON DIFFUSION REGION AND
ENERGY DEPOSITION MEASURED BY MMS

To investigate where and how energy conversion occurs in magnetopause reconnection,
we discuss an encounter with both the electron and ion diffusion regions by the MMS
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spacecraft on 16 October 2015. The event has a negligible guide field, and the general
features are described in Burch et al. (2016b). The plasma density and flow velocity,
magnetic field, and electric field measurements shown in figure 12.3 are from the Fast
Plasma Investigation, FluxGate magnetometers, and double-probe electric field sen-
sors, respectively. To facilitate the comparison with MRX experimental results, here
we use the same coordinate system (X, Y, Z), which corresponds to (N, —M, L) in
the boundary normal LM N coordinates determined in Yamada et al. (2018). We note
that this (X, Y, Z) coordinate system differs from the geocentric solar magnetospheric
(GSM) system.

Figure 12.3 presents energy conversion to electrons in the electron diffusion region
during magnetopause reconnection. The kinetic structure of the same diffusion region,
including higher-frequency fluctuations, has been discussed previously in chapter 8.
Here we filter out electric field fluctuations (such as whistler and lower hybrid waves)
with frequencies higher than the ion cyclotron frequency in order to observe the longer-
timescale structure of the plasma dynamics and energy conversion. Figure 12.3(a)
shows the approximate MMS trajectory through the electron diffusion region on the
profile of Jy. We note here that in MMS data, current density is expressed by J,
while lowercase j is used for most of this book. The trajectory is determined based on
a comparative study of MMS measurements and PIC (particle-in-cell) predictions of
electron distribution functions. The average velocity of the magnetopause plasma (X-
line included) along the X-axis during the electron diffusion region crossing is about
—30km/s based on the four-spacecraft magnetic field measurements, and the velocity
along the Z-direction is estimated to be about 97 km/s. The energy deposition through
the work done by the reconnection electric field in the magnetosphere, Ey, is about
2mV/m. This value translates to 0.1-0.2V¥, where V is the hybrid Alfvén veloc-
ity as defined by Cassak and Shay. The measured value of the reconnection electric
field agrees with the MRX data, which show 140 V/m of Ey, corresponding to 0.25V §
(B1 =175G and B> =200G).

One of the most important results of the MRX-MMS collaboration research was
to clarify the role of the electron diffusion region, together with the energy deposition
to electrons. In both measurements, a two-scale diffusion region was identified as the
electron diffusion region (8, ~5 mm in MRX, 5-10km in MMS) residing inside the
ion diffusion layer (§; ~ 60 mm in MRX (He gas) and ~ 50km in MMS). In this sit-
uation, the ion diffusion layer is defined by the regime where E 4 V; x B #0 with
E +V,x B=0. The electron diffusion layer is the regime E+V,x B=E'#0,
where E’ is the electric field in the electron fluid frame. Just outside the electron
diffusion layer, E’ =0 holds, namely electrons move with magnetic field lines in the
reconnection plane (electron-flux freezing), and this relationship was clearly verified
by Burch et al. (2016b) and by quantitatively evaluating force balance in MRX (Yoo
et al., 2013). It should be noted that in the case of MRX, the difference between E
and E’ is relatively small since U, is much smaller than the electron thermal veloc-
ity (Ue ~ 0.1 Ve, where Ve, is the electron thermal velocity), but this does not apply
for MMS data. In the high-electron-dissipation region defined by high j,, -E|, a
crescent-shaped electron distribution function was detected, showing a strong electron
flow along Y, the out-of-reconnection-plane direction (figure 12.4(f)). The distribution
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Figure 12.3. See Color Plate 1. Electron dynamics in the magnetophere measured by
MMS. (a) Approximate MMS trajectory through the electron diffusion region of the
magnetosphere. The trajectory is determined based on a comparative study of MMS
data and 2D numerical (PIC) studies. (b)—(f) Time evolution of key components of local
plasma parameters showing that J | - E | becomes maximum at the electron diffusion
region (d). The electron velocity distributions in (f) show that they predominantly flow
in the Y-direction as shown in the MRX data in figure 1.7(a). The documented MMS
data are remarkably consistent with the electron dynamics measured by MRX. [ Yamada
et al. (2018) adapted from MMS data, Burch et al. (2016b).]
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Figure 12.4. See Color Plate 8. Ion acceleration and heating observed in the diffusion of
magnetopause reconnection (same MMS event as in figure 12.3). (a) MMS trajectory
sketched on the in-plane plasma potential from a PIC simulation, where the directions
of the in-plane ion flow vector for times il and i3 are indicated by magenta arrows.
(b) Magnetic field vector components. (c) Electric field vector components (only for
frequencies f < f.; ~ 0.5 Hz, using the upstream magnetic field strength). (d) Ion bulk
flow velocity vector components. (e), (f), (g) Ion velocity distributions measured by the
MMS spacecraft (color contours represent the phase-space density) in three velocity
planes for times il, 12, and i3, which are marked with vertical dashed lines in (b)—(d);
corresponding locations marked with white circles in (a). These figures indicate that
ions are accelerated toward the exhaust directions in the Z-direction from the X-line.
Here we note that the effects of the magnetopause motion have been subtracted from
both the electric field and the ion measurements. [ Yamada et al. (2018).]
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function provides the kinetic view for strong electron out-of-plane flow along the
Y -direction in MRX, as seen in figure 10.2(b).

Very recently, Burch et al. (2020) analyzed in detail the electron inflow and outflow
velocities surrounding the electron diffusion region. The inflow velocities agree with
predicted reconnection rates in which about one-tenth of the incident magnetic field
lines break and reconnect. Unlike the ion flows, whose outflow velocities are directed
strongly along and against the direction of magnetic fields (north and south) in the
plane of reconnection, the strongest electron outflow is generally perpendicular to the
plane of reconnection. This result shows that three-dimensional aspects (or more pre-
cisely 2.5-dimensional aspects) of reconnection are important, again in agreement with
figures 12.2 and 12.1 obtained in MRX.

124 ION DYNAMICS AND ENERGETICS IN MRX AND THE
MAGNETOSPHERE

As already described in chapter 10, a large in-plane electric field plays a key role in ion
acceleration and heating. Recent studies have identified how an in-plane electrostatic
field is generated by the force balance of the electrons flowing through the center of
the reconnection layer. During asymmetric reconnection, the inversed-saddle shaped
potential well is shifted toward the low-density side and a sharp potential drop occurs
on the low-density side of the exhaust region. The unmagnetized ions are accelerated
by the in-plane electric field in the exhaust region in both the Z- and X-directions,
primarily in the high-density side, and are heated further downstream.

A very similar phenomenon is observed inside the ion diffusion region during the
same MMS passage. Figure 12.4 shows characteristics of ion acceleration in the mag-
netopause. While the spacecraft was in the left exhaust region, a strong ion flow at
the point il toward the —Z-direction was observed, and an opposite ion flow to the
+Z-direction was measured at the point i3 in the right exhaust. The Vz—Vx velocity
distributions (figure 12.4(e)—(g)) show counter-streaming populations along Vx, which
is shifted in Vz, indicating that unmagnetized ions bounce around the Bz reversal and
are being accelerated by the in-plane electric field (gradient of the in-plane potential
shown in figure 12.4(a)). The shift in Vz, which is the same feature as the drift along
Z shown in the ion distribution measured in MRX, is the result of acceleration by
Ez. Hence, both MMS and MRX results support that the primary energy deposition
to ions occurs due to acceleration by the in-plane electric field in asymmetric recon-
nection layers, similar to the case for symmetric reconnection described in chapters 11
and 14. Both the Vz—Vyx and Vx—Vy distributions show that the Vx thermal spread
increases toward downstream, suggesting the gradient of in-plane potential contributes
to the acceleration of ions. While the observed ion acceleration in MMS is consistent
with the results from MRX, the counter-streaming populations detected by MMS are
not completely thermalized.



Chapter Thirteen

The dynamo and the role of magnetic reconnection

Magnetic fields are seen everywhere in the universe. They are observed in the majority
of astrophysical objects: planets, stars, galaxies, clusters of galaxies, and even in the
interstellar medium. The average energy density of a magnetic field is almost equal
to the kinetic and thermal energy of plasma, the main component of baryon particles
existing in the universe. We could express it as 8, ~ 1, where B, represents the ratio of
the plasma energy to the magnetic field energy. Dynamo is the opposite plasma process
to magnetic reconnection. The latter occurs when and where the magnetic energy of
a plasma system dominates over its kinetic energy. When there is abundant kinetic
energy in a plasma with respect to magnetic energy, magnetic fields are considered to
be generated through a converse process: a dynamo mechanism in plasma.

It is considered that there were no magnetic fields in the universe right after the Big
Bang. Where have they come from? It is still uncertain exactly when and how the mag-
netic fields were generated. However, there is enough evidence that the magnetic fields
in the earth, the sun, and other stars are sustained by dynamo activity. This is inferred
from the cyclical behavior of the fields in these systems, which occurs on timescales
many orders of magnitude less than the time in which magnetic fields diffuse by col-
lisional dissipation. The sun’s magnetic field changes its polarity every 11 years. The
earth’s dipole field changes its polarity in a timescale of a few hundred thousands years,
but not by an exact periodic rate. The dynamo generation of galactic magnetic fields
is also widely accepted. In most cases, the magnetic field is large in spatial scale, of
the same scale as the astrophysical body, and believed to be generated by the combined
effect of smaller-scale fluctuations in plasma flow and magnetic field.

Different forms of dynamo action have also been demonstrated and observed in
laboratory plasmas. For the most clear example, we observe the generation of a huge
magnetic field of 10° G when we inject a high-power laser into a small target of hydro-
gen for inertia fusion experiments in which no magnetic field is applied initially. How
is magnetic field created? In RFP (reversed field pinch) and spheromak plasmas for
magnetic fusion experiments, a dynamo action was observed in the form of flux con-
version.

In this chapter we consider how magnetic field is generated in the universe and
how magnetic reconnection plays a role in the dynamo. Until recently, most dynamo
theory, including mean field theory, was based on single-fluid MHD (magnetohydrody-
namics). Since this book is on magnetic reconnection, only an introductory description
of dynamo phenomena is made, particulary in relationship to magnetic reconnection
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processes. As the primary theme of this monograph is two-fluid physics mechanisms,
here we specially consider the two-fluid effects of dynamo action in fusion laboratory
plasmas, after a brief introduction to MHD dynamo theory.

13.1 GALACTIC MAGNETIC FIELDS AND BASIC MHD THEORY

13.1.1 Observation of galactic magnetic fields

Astronomical magnetic fields are generally strong enough to influence the dynamics of
gas in present-day galaxies, and could have played an important role in the formation
and early evolution of galaxies. Yet the origin of these magnetic fields remains unclear.
Magnetic fields in galaxies are strong enough to significantly affect interstellar gas
dynamics on both global scales characteristic of galactic structure and small scales
characteristic of star formation (Zweibel and Brandenburg, 1997). Cosmic rays, which
heat, ionize, and supply significant pressure to the interstellar medium, are magnetically
confined to galaxies and accelerated electromagnetically.

13.1.2 Observation of galactic magnetic field

Observations of large numbers of external galaxies can reveal correlations between
global galactic parameters and magnetic field structure. The best documented example
is the correlation of 21 cm microwave continuum intensity with far-infrared luminosity.
The former depends on the relativistic electron population and magnetic energy density,
and the latter is a measure of the rate at which massive stars are formed. The correlation
holds over a wide range of spiral galaxy subtypes and star formation rates. In external
galaxies the field lines closely follow the spiral arms seen in figure 13.1. In some cases,
the magnetic spirals are better defined than the material spiral arms: two outstanding
examples are the galaxy NGC 6946, in which the magnetic arms are particularly well
defined in the inter-arm regions, and the flocculent galaxy NGC 5055. A leading theory
of spiral structure in galaxies, known as density wave theory, predicts the inclination
angle of the field lines to be larger inside spiral arms than in inter-arm regions.

13.1.3 Basic MHD dynamo theory

After Cowling (1934) proved that dynamo action cannot generate a net magnetic field
in an axisymmetric system, many physicists tried to build a model to explain geo-
magnetic dynamo generation in the actual three-dimensional earth geometry. Parker
(1955) found an elaborate explanation using a nonaxisymmetric set of velocities in a
rotating conductive medium (hot core mantle on the earth). The early efforts led to the
well-known «—2 mean field dynamo theory by Steenbeck et al. (1966), which involved
equations for the mean magnetic field called the mean field dynamo equations.
By taking ensemble averages of the induction equations in chapter 3, we obtain

0B Ui 2
—=Vx(VxB)+Vx(aB)+(,B+—)V B, (13.1)
ot o
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Figure 13.1. Magnetic field vectors (white bars) for the galaxy M51, derived from the
polarized continuum intensity at a wavelength of 2.8 cm, which is thought to be syn-
chrotron radiation. The lengths of the vectors are proportional to intensity. The map
is superimposed on an optical image. The white striped circle in the lower-left corner
indicates the size of the telescope beam. The crosses represent foreground stars. [From
Neininger (1992).]

where « is a constant for an eddy motion (Kulsrud 2005; page 394). The 8 term can be
interpreted as a turbulent mixing term and is often called turbulent resistivity. For the
fast dynamo case 8 > /o, the dynamo fluid is regarded as an ideal fluid, just like in
the case of magnetic reconnection. In earlier decades, the astrophysical dynamo prob-
lem was addressed theoretically through this type of “kinematic mean-field dynamo”
analysis (Kulsrud and Anderson, 1992; Kulsrud, 1998, 1999). In this approach, a cer-
tain velocity flow field, such as toroidal rotation or vortex motion, is assumed and the
resulting magnetic field is calculated. This simple linear problem does not treat the key
aspects of saturation and sustainment of the magnetic field. In recent years, the solution
of the nonlinear MHD equations has been worked on for model problems and for the
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laboratory situation (Zweibel and Brandenburg, 1997). Since it would need an entire
book by a dynamo expert to describe this phenomenon, I refer to the above references
for this subject. Instead, this chapter discusses the experimental research and its two-
fluid physics aspect.

13.2 THE BIERMANN BATTERY DYNAMO

It is considered that there was no magnetic field at the beginning of the universe. Thus,
it is important to develop a theory to describe the generation of magnetic field from
zero. As described in chapter 3, plasma follows the flux conservation law based on the
flux freezing principle.

We consider the resistive MHD equation, with initial condition B =0 everywhere:

0B n s
—=Vx(VxB)+—V-B. (13.2)
ot "o

The first term on the right-hand side is called the dynamo term and the effects of plasma
velocities in changing magnetic fields are called dynamo action. If flux were exactly
conserved and magnetic field B were initially zero, then the flux through any region
would remain zero and B would always be zero. Even a finite resistivity in the sec-
ond term would not help with this problem. Thus the validity of eq. (13.1) comes into
doubt and the important question of whether magnetic field is generated from zero and
sustained by such dynamo action arises.

However, in the two-fluid MHD regime, a more general form of Ohm’s law becomes
important. Here, as was discussed in chapter 5, the Ohm’s law of MHD can be replaced
by the generalized Ohm’s law in order to describe the force balance of an electron flow,
namely

- . 13.3
en, en, e dt ( )
By neglecting the inertial and resistive terms, this equation becomes
V.P,
E+V,xB=— , (13.4)
ene

where V=V;+V,and V, V;, V, are the bulk plasma flow vector, ion flow velocity,
and electron flow velocity respectively.

If we take the curl of this equation and combine it using Faraday’s equation, we
obtain

(Vn, xVp,)
n%e ’

0B (V”e (13.5)

22 VX (V,xB)+Vx ):Vx(VexB)—
ot Nee

The last term in this equation is the Biermann battery term, which does not go to zero
for B =0 because it is associated with nonuniform n, and p.. If p, is a function of
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ne, O p = p(n,), their cross product is zero. In order to break this constraint in astro-
physical plasmas, a rotational motion is key (Kulsrud, 2005). This rotation can come
from the protogalaxy’s nonuniform chaotic collapse (although it may take millions of
years). Also, if a section of an astrophysical plasma is heated by a shock structure or
by penetration of a hot plasma regime, it would induce a situation where V p, 7# Vn,.

Kulsrud (2005) calculated how big we could expect the magnetic field strength dev-
eloped by the Biermann battery to become in astrophysical plasma systems, based on
Kolmogorov turbulence theory. He obtained an extremely small field of 2.5 x 10718 G.
Since this field strength is reached in his calculation after one turnover time of the largest
eddy, there may be other models for the Biermann battery to initiate dynamo action in
astrophysical plasmas.

A Biermann dynamo situation, with V p, # Vn,, also happens in the formation
process of laser-heated plasma in which a strong local temperature gradient is gener-
ated. In this case, the temperature gradients are not in the same direction as the electron
density gradient. This situation happens quite often in laboratory fusion device plas-
mas such as tokamaks or RFPs in which strong local electron heating occurs due to
fluctuations or external heating mechanisms (by RF waves or high-energy neutral beam
injections).

As an example, Nilson et al. (2006) presented measurements of evidence for strong
electron heating at laser-irradiated columns in plasmas, created by injecting two laser
beams closely focused on a planar foil target. The two plasmas typically collide and
stagnate, and for laser-spot separations of about seven focal spot sizes, two very dis-
tinct, highly collimated jets were observed. In addition to a sharp reconnection current
sheet between the two columns, as already described in chapter 6 (figure 6.12), they
observed that strong azimuthal fields (~ 10° G) are created around the two columns.
They concluded that the azimuthal magnetic fields are generated by a Biermann bat-
tery mechanism of Vn, x VT, around each laser spot. In their experiment, V7, is in the
radial direction of each column and Vn, is in the axial (Z-) direction, thus generated
magnetic fields are in the azimuthal direction. Recently, Fox et al. (2018) developed a
fully kinetic simulation model for first-principles simulation of the Vulcan experiments
(Nilson et al., 2006), including the dynamics of magnetic fields, and verified their mag-
netic field generation by the Biermann battery effect and Weibel instability.

13.3 RESEARCH ON DYNAMO EFFECTS IN LABORATORY
FUSION PLASMAS

The RFP, mentioned many times in earlier chapters, utilizes a steady-state dynamo of
large magnitude. Namely, a toroidal electric field is applied to initiate the plasma and
drives part of the steady-state current. But a large portion of the current is not driven
directly by the electric field. Some part of the edge plasma current flows in a direc-
tion even opposite to the electric field. This is illustrated in figure 13.2, which displays
the electric field (parallel to the magnetic field) and the parallel plasma current versus
minor radius of the toroidal plasma. Note that there is a large mismatch between the
two profiles. The remaining current is driven by a dynamo effect, namely the poloidal



228 CHAPTER 13

(a) (b)

2.0 T T T T

Conducting shell
surrounding plasma

Wy

\ B, small and
j reversed at edge
1.

0.2 0.4 0.6 0.8 0

p/a

Figure 13.2. (a) Radial profile of the parallel electric field £ and measured current
density terms in Ohm’s law for the RFP, where E| was calculated from nonlinear MHD.
The difference in the curves reflects the MHD dynamo. (b) Magnetic profile of RFP
plasmas in the MST. [From Prager et al. (2005).]

flux is converted to toroidal flux, thus generating an enhanced toroidal flux. Here we
will call it generation of toroidal magnetic flux through flux conversion: a special form
of dynamo action, amplification of toroidal flux through a magnetic reorganization pro-
cess. Profiles in experiments show that this dynamo current is large, up to several hun-
dred kiloamperes, more than half of the total current.

The dynamo is also evident through spontaneous generation of toroidal magnetic
flux. In the MST (Madison Symmetric Torus), toroidal magnetic flux is generated in
periodic dynamo events, as shown in figure 13.3(a). The sudden jumps in the toroidal
flux are produced by a dynamo mechanism. Between the sudden events, the dynamo is
mostly absent and the toroidal flux decays. A key parameter for dynamo studies is the
Lundquist number S (the ratio of the resistive diffusion time to the Alfvén transit time,
from about 103 to 107 in RFPs). One of the challenges for the dynamo problem is to
understand the physics mechanisms of its saturation at the high-S regime. (The geo-
dynamo is somewhat distinguished by the low-S value associated with liquid metals.)

The major approach to understanding the dynamo, both natural and laboratory, has
been the MHD model. The dynamo effect enters into the mean-field Ohm’s law

(E)+(V xB)=(nj), (13.6)

where the vector variable includes fluctuating quantities, and ( ) denotes the mean field
(an average over the fluctuations). The second term of the left-hand side represents
the MHD dynamo. It is an electromotive force arising from fluctuations in the plasma
flow velocity and magnetic field. This term is often referred to as the alpha effect. In
single MHD theory, all dynamo effects enter through this term. It has been measured
in laboratory plasmas, in which the flow is measured spectroscopically or by inferring
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Figure 13.3. (a) Toroidal magnetic flux versus time in MST. Discrete jumps are dynamo
events. (b) Measured MHD dynamo versus time. Flow velocity fluctuations are mea-
sured spectroscopically; magnetic field is measured with magnetic probes. Data are
obtained from an ensemble of the impulsive dynamo events shown in (a). [From
Den Hartog et al. (1999).]

it from the measured E x B drift. For example, it is seen in the RFP that under some
conditions the alpha effect term, shown in figure 13.3(b), accounts for driven current.

The difference between the various dynamo situations is the origin of the fluctu-
ations or local vorticities. In some natural dynamos, the flow is generated by ther-
mal convection or rotation of plasmas. The magneto-rotational instabilities are typical
examples. In magnetic fusion laboratory plasmas, the flow is often generated by mag-
netic instabilities. There are many types of dynamo problems, with differing boundary
conditions, plasma parameters, and geometry. However, there is a strong physics com-
monality to all the problems.

13.4 EFFECTS OF A TWO-FLUID DYNAMO IN AN RFP PLASMA

Until recently, most dynamo theory, including mean field theory, was based on single-
fluid MHD. Here we consider the two-fluid effects of a dynamo along the lines of
thought in RFP and spheromak fusion plasma research. There are two ways in which
the effects of two fluids (electrons and ions) can enter into dynamo action, altering the
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physics of flux conversion or magnetic reconnection and tearing instabilities in these
plasmas. They introduce new spatial scales into the problem, such as the ion skin depth
¢/wp;, arising from the Hall term. These effects are discussed in dealing with two-
fluid magnetic reconnection. The key two-fluid dynamo mechanisms come from the
generalized Ohm’s law. If we include the electron pressure and Hall terms, we can
express the parallel mean-field Ohm’s law in a form averaging over the time range of
fluctuations,

JjxB 1 )
(E)+(V><B)—< >+<—V-Pe>:(77]). (13.7)
ne ne
Here we neglected the electron inertia term, and all vectors include fluctuating com-
ponents. The combined effect from the second and third terms of the left-hand side
of eq. (13.7) (or the second term of eq. (13.6)) represents the Hall dynamo effects
which influence E||, and the fourth term is for pressure-driven dynamo effects, which
are of opposite sign to the magnetic reconnection case. These are additional terms that
represent the two-fluid dynamo mechanisms. A linear theory of the two-fluid tearing
instability was investigated by Mirnov et al. (2003), concluding that the dynamo effect
caused by the v, x B Hall term dominates over the contribution from the alpha effect
term in the narrow electron layer, while in the broader ion layer these terms are com-
parable.

Ji et al. (1995) measured fluctuation-induced dynamo electric fields over a wide
range of electron collisionality in the outer edge of an RFP called TPE-1RM20. The
fluctuation fields are primarily from tearing modes that exist at the rational surfaces
mentioned in chapter 9 (figures 9.8 and 9.10). They concluded that in the collisionless
regime where the mean free paths of plasma particles are longer than the fluctuation
wavelength, the usual dynamo effects from the v, x B Hall term can sustain the parallel
current, but in the collisional regime a dynamo mechanism associated with the fluctua-
tions directly related to the fourth term of eq. (13.7) is responsible for dynamo action.

It is important to summarize the sustaining mechanism of RFP plasma as follows.
The external inductive drive provides an extra poloidal flux to drive the toroidal plasma
current. Then excessive poloidal field generates a dynamo action by j, x B, or by the
diamagnetic currents, which would generate the electric field E| to sustain the poloidal
current at the edge, which internally generates additional toroidal flux, thus maintaining
the toroidal flux as mentioned in the earlier section. These types of mechanisms are thus
called flux conversion because the poloidal flux is converted to toroidal flux through
the magnetic reconnection process. Thus magnetic reconnection plays a key role in the
dynamo process. However, the magnetic energy of the whole system should decay with-
out an external supply of flux. So this type of dynamo action in a low-8 plasma should
be classified as a flux-conversion dynamo, different from the conventional dynamo in
which magnetic energy is generated from zero or a minute initial value. As mentioned
in chapter 9, magnetic helicity is conserved during this global magnetic reconnection
process, while magnetic energy decreases. In a low-8 plasma, there is not enough free
kinetic energy to drive dynamo mechanisms to amplify the total magnetic energy. As
mentioned in chapter 1, if there is abundant kinetic or thermal energy in a plasma with
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respect to magnetic energy, just like in the early universe (W, > Wpg), magnetic fields
are generated through a dynamo process.

There are arguments that two-fluid effects may be active in protostellar accretion
disks, in white dwarfs, and in neutron stars. In protostellar disks, ion inertia is increased
by collisions with neutrals. In addition, the disks are thin. These two effects imply that
Hall terms and electron MHD effects may be important in these systems. In crystallized
neutron star crusts, solid-state stresses can act to inhibit ion motion, thus introducing
similar two-fluid dynamics.



Chapter Fourteen

Magnetic reconnection in large systems

In astrophysical plasmas, the ratio of global to kinetic scales is very large and the ratio
of mean free path to plasma scales is small, thus MHD (magnetohydrodynamic) mod-
els are considered to be practical for treating space astrophysical phenomena. Except
in magnetosphere plasmas, in which two-fluid physics dominates, MHD has been the
most common theory for treating astrophysical plasma physics problems. Is it possi-
ble to have fast reconnection in MHD, without invoking kinetic processes? The earlier
argument based on MHD was that fast reconnection is explained by an “open scissor’-
shaped X-point, which Petschek introduced. To employ the MHD model, a short current
sheet, through which not all field lines pass, has been assumed, while local enhanced
resistivity is considered to be enhanced as a function of local, high current density. But
the exact cause of the enhanced (“anomalous”) resistivity has yet to be conclusively
determined by laboratory experiments or by theory.

In recent decades, many numerical theories and laboratory experiments have inves-
tigated reconnection in relatively small plasma systems of 10-100 ion skin depths. In
much larger systems, however, it was found in recent numerical simulations that mul-
tiple current sheets or reconnection layers develop in the reconnection region, which
can increase the reconnection rate in both collisional and collisionless regimes. For
example, in simple two-dimensional resistive MHD simulations for a large plasma
with a large Lundquist number, a group of theoretical works (Shibata and Tanuma,
2001; Bhattacharjee et al., 2009; Huang and Bhattacharjee, 2010; Loureiro et al., 2012)
found that a laminar Sweet—Parker layer is transformed to a chain of secondary mag-
netic islands and the reconnection process becomes inherently impulsive, and thus the
reconnection rate averaged over time becomes faster. The appearance of multiple layers
would become dominant, particularly in three-dimensional systems. This process can
invoke turbulence in the layer, and new approaches are required to properly describe
this turbulent layer. This type of multilayer reconnection can occur in solar flares as
well as in fusion plasmas. Lazarian and Opher (2009) found that driven MHD turbu-
lence can enhance the reconnection rate significantly. In this chapter, let us study the
relatively recent development of this new approach to studying magnetic reconnection
in a large system, theoretically and experimentally.

14.1 DEVELOPMENT OF PLASMOID THEORY

Two decades ago, Tanuma et al. (2001) found in their MHD simulation study for recon-
nection in solar flares that the reconnection current sheet changes shape as a result of
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Figure 14.1. (a) Schematic view of the fractal reconnection. (b) A scenario for fast
reconnection: (I) The initial current sheet. (II) Current sheet thinning in the nonlinear
stage of the tearing instability or global resistive MHD instability. The current sheet
thinning stops when the sheet evolves to the Sweet—Parker sheet. (III) Secondary tear-
ing in the Sweet—Parker sheet. The current sheet becomes fractal because of further
secondary tearing as shown in (a). (IV) The magnetic islands coalesce with each other
to form bigger magnetic islands. The coalescence itself proceeds in a fractal hierar-
chy manner. During phases (IIT) and (IV), a microscopic plasma scale (ion gyroradius
or ion inertial length) is reached, so that fast reconnection becomes possible at small
scales. (V) The greatest energy release occurs when the largest plasmoid (magnetic
island or flux rope) is ejected. The maximum inflow speed (Vipaow = reconnection rate)
is determined by the velocity of the plasmoid (V). Hence this reconnection is termed
a plasmoid-induced reconnection. [From Shibata and Tanuma (2001).]

a local tearing instability. They found that a localized current sheet becomes thinner
as it breaks up and the thinning is saturated when the sheet thickness becomes com-
parable to that of the Sweet—Parker sheet thickness. A secondary tearing instability
occurs, and further local current-sheet thinning follows. If the sheet becomes suffi-
ciently thin to produce anomalous resistivity, a Petschek-type reconnection starts with
locally enhanced resistivity. On the basis of nonlinear MHD simulations, Shibata and
Tanuma (2001) proposed that the current sheet eventually has a fractal structure, con-
sisting of multiple layers of magnetic islands (plasmoids) with different sizes, as shown
in figure 14.1.
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Figure 14.2. Time sequence of the nonlinear evolution of the current density jy of
a Sweet—Parker current sheet in a large system of Lundquist number S~ 6 x 10°.
The black lines represent surfaces of constant ¥: (a) t =3.0, (b) t =6.0, (c) t =9.1,
(d)  =12.0. [From Bhattacharjee et al. (2009).]

Once the current sheet has a fractal hierarchy structure, it becomes possible to con-
nect macroscale dynamics (with a flare size of 10? cm) and microplasma-scale dynam-
ics (with ion gyroradius or ion skin depth of 10? cm). Then anomalous resistivity could
be invoked, they thought.

Shibata and Tanuma (2001) presented a scenario for fast reconnection in the solar
corona as shown in figure 14.1. By applying their scenario to an actual solar coronal
condition, they found that a fractal hierarchy number of n ~ 6 is necessary to connect
the solar flare reconnection scale from the ion gyroradius or ion skin depth. Their cur-
rent sheet becomes a fractal sheet consisting of many plasmoids with different sizes.
The plasmoids tend to coalesce with each other, as theorized by Tajima et al. (1987),
to form bigger plasmoids. When the biggest island (i.e., a monster plasmoid) is ejected
out of the sheet, we have the most violent energy release, which may correspond to
the impulsive phase of flares. The tearing mode instability in the Sweet—Parker current
sheet has been studied by Loureiro et al. (2007), and is sometimes called a plasmoid
instability.

Nonlinear evolution of plasmoid-dominated reconnection has been extensively
studied in more recent years using MHD simulations; see figure 14.2. The plasmoid
distribution in the nonlinear regime, knowing the features of which is essential for
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Figure 14.3. The reconnection time f,. for various S and ¢, where ¢ is a small parameter
that controls the noise level of the plasma density variation in a single step of system
evolution. The dashed line is the Sweet—Parker scaling. Above S, a critical value of S,
the reconnection time #.. deviates from the Sweet—Parker scaling and becomes shorter.
In the plasmoid unstable regime, the reconnection time is nearly independent of S and
has a weak dependence on the noise level ¢ throughout the large-S range they tested.
The plateaued values of 7. in the high-S regimes for e = 1073, 10™%, 107> are 5.30 +
0.27,6.10+0.41, 7.05 £ 0.16, respectively. [From Huang and Bhattacharjee (2010).]

understanding the current sheet thinning process, has been discussed. Cassak et al.
(2009), Bhattacharjee et al. (2009), and Huang and Bhattacharjee (2010) found that
once plasmoid instability sets in, the reconnection rate becomes nearly independent of
the Lundquist number for § > 10%.

The Sweet—Parker layer in a system that exceeds a critical value of the Lundquist
number (§) is unstable to the plasmoid instability. Huang and Bhattacharjee (2010)
carried out a two-dimensional numerical study with an island-coalescing system driven
by a low level of random noise. The primary Sweet—Parker layer breaks into multiple
plasmoids and even thinner current sheets through multiple levels of cascading if the
Lundquist number is greater than a critical value. To quantify the speed of reconnec-
tion, they measured the time it takes to reconnect a significant portion of the magnetic
flux within two merging islands. They denote the time as #.. for a certain designated
significant portion of flux to reconnect. The range corresponds to reconnecting 25%
of the initial flux so that the layer does not shorten too much compared with that in
the initial condition. Figure 14.3 shows the reconnection time t,. for various S and
&. For lower S, the reconnection time fyec ~ S1/2, as expected from the Sweet—Parker
theory (see chapter 3). The critical Lundquist number for plasmoid instability is about
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S, <4 x 10*. Above S,, the reconnection time t. deviates from the Sweet—Parker scal-
ing and becomes shorter. In the plasmoid unstable regime, the reconnection time is
nearly independent of S. However, the reconnection time has a weak dependence on
the noise level € throughout the S range they tested (¢ is a small parameter that controls
the noise level of the plasma density variation in a single step of system evolution).
They tested the convergence of their numerical results by varying the resolution, the
time step, and the random seed for selected runs. In the figure, these are represented
by multiple data points with the same parameters. The results are fairly consistent,
with fluctuations of no more than a few percent. As a result of the plasmoid instabil-
ity, the system realizes a fast nonlinear reconnection rate that is nearly independent
of S, and is only weakly dependent on the level of noise. By considering stochastic
generation, growth, coalescence, and ejections of plasmoids, Uzdensky et al. (2010)
predicted the dependence of the plasmoid distribution function f(¢) on the flux quan-
tity ¢ contained by plasmoids as f(¢) ~ c/)_l, and Loureiro et al. (2012) carried out
two-dimensional MHD simulations to investigate the plasmoid distribution, obtaining
double-power-law-like distributions.

It should be noted, however, that all of these studies were carried out in two dimen-
sions. It is not obvious that two-dimensional results will remain unchanged for three-
dimensional astrophysical situations with a high Lundquist number (S > 10'? for solar
flares).

14.2 EFFECTS OF MHD TURBULENCE ON
MAGNETIC RECONNECTION

It has been asked by many whether small-scale driven turbulence in a broad recon-
nection layer can simply be treated as some form of enhanced resistivity, albeit from
MHD fluctuations rather than micro-instabilities. The basic idea is that the flow would
tangle the magnetic field, producing small-scale magnetic structures that resistively
decay. Turbulent diffusion rates are generally set by the eddy turnover time //v; and
depend only weakly on the microscopic diffusion rate. We might therefore expect the
turbulent diffusivity 7, to be of the eddy form [v;, where [ is the outer scale of the
turbulent cascade, where most of the power is, and v; is the turbulent velocity at that
scale.

14.2.1 Lazarian—Vishniac model for turbulent MHD reconnection

Lazarian and Vishniac (1999) considered that the Sweet—Parker model (described in
chapter 3) can be generalized by considering the effects of MHD turbulence. In their
concept, two regions of the reconnecting magnetic fields are separated into a laminar
flow region and a turbulent reconnection layer region, shown in figure 14.4. Here, let
us follow their arguments. They considered that the outflow in the turbulent flow is
not limited by the relatively thin region determined by resistivity as modeled by Sweet
and Parker, but is rather broad and determined by magnetic field wandering. Assuming
that the field wandering is the cause of the reconnection zone opening up, they at first
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Figure 14.4. (Top) Sweet—Parker model of reconnection. The outflow is limited to the
thin width of Sweet—Parker. (Bottom) The thickness A is an astrophysical scale of Lyy.

calculated the layer thickness, A for the case where the turbulence injection scale L;
is less than the total size Lyx. One finds that the perpendicular extent of the eddy at
the injection scale is LiMi, where M, is the Alfvén Mach number. The transverse
contributions from different eddies at the injection scale are not correlated and therefore
are the result of random walk with a step of Ll-Mi. The number of steps along L, is
L, /L; and thus
Lo\1/2 )
A:(r) LiM3 forL; <L,. (14.1)
L

In the Sweet—Parker laminar model, the magnetic field lines are subject to Ohmic dif-
fusion, in which magnetic field-lines diffuse by resistivity in a time ¢ given by

(y2(1)) ~ At, (14.2)

where A is the magnetic diffusivity. The field lines are advected out of the sides of the
reconnection layer of length L, at a velocity of order V4. They find the time that the
lines can spend in the resistive layer is the Alfvén transit time t4 ~ L, /V4. Thus for
the Sweet—Parker model, the thickness of the diffusion region should be

A/ (y2(t4)) ~/Ata =Ly VS, (14.3)

where S is the Lundquist number. Using relationships obtained in chapter 3, we obtain
Viee >~ Va/ \/E .

For the case of turbulent reconnection, Lazarian and Vishniac (1999) used the
Richardson diffusion coefficients instead of Ohmic diffusion. In this case, the mean-
squared separation of particles is (|x1 () — x2(¢) |2) ~ €13, where € is the energy cascade
rate:

Lo\12
A~ etA3:Lx(L—) M2 for Ly <L; (14.4)
i



238 CHAPTER 14

and

L\12
vm:vA(L—) M2 forL; > Ly. (14.5)

i

Thus, eq. (14.5) together with (14.1) provides a description of fast reconnection for
turbulent reconnection in the presence of sub-Alfvénic turbulence.

The scaling predicted in Lazarian and Vishniac (1999) was later tested by their
numerical simulation and reported in Kowal et al. (2009) as vj, o< P1/21;. With some
discrepancy between observed power dependence in two- and three-dimensional cases,
more comprehensive studies are being carried out.

14.2.2 Observation of multiple reconnection layers by kinetic simulations

Daughton et al. (2009) found that a collisionless reconnection layer breaks up into
many islands and current layers, generating a highly turbulent reconnection region
even in their two-dimensional PIC (particle-in-cell) simulations. Using fully kinetic
simulations with a Fokker—Planck collision operator, they demonstrated that Sweet—
Parker reconnection layers are unstable to plasmoids (secondary islands) for Lundquist
numbers beyond S > 1,000. The instability is increasingly violent at higher Lundquist
numbers, both in terms of the number of plasmoids produced and the super-Alfvénic
growth rate. They observed dramatic enhancement in the reconnection rate when the
half-thickness of the current sheet between two plasmoids approaches the ion inertial
length; see figure 14.5.

This study has been extended to three dimensions (Daughton et al., 2011) to simu-
late the MRX (Magnetic Reconnection Experiment) experiment carried out in the near
collision-free condition to discover the three-dimensional features of breakup shown
in figure 14.6. This result suggests that turbulence can significantly broaden the elec-
tron diffusion region, as well as the ion diffusion region. Three-dimensional simula-
tions were carried out on two peta-scale supercomputers, using the kinetic PIC code
VPIC (Bowers et al., 2008), which solves the relativistic Vlasov—-Maxwell system of
equations. The simulation results in the figure reveal some dramatic differences from
the basic ideas discussed before. First, the concept of magnetic islands in real three-
dimensional systems corresponds to extended flux ropes, which can interact in a variety
of complex ways not possible in two-dimensional models. In contrast, the flux ropes
shown in figure 14.6 are generated by the tearing instability propagating with wide
oblique angles. These results demonstrate a few dominant modes that are localized near
the center of the initial layer. Some of the interesting three-dimensional features in the
figure arise from the interaction of these flux ropes, leading to a complex connectivity
of magnetic field lines. However, the observed dynamics at this time was simpler than
expected from nonlinear theories. A more detailed description is given in Daughton
etal. (2011). A numerical simulation of MRX experiments was also carried out.

In three dimensions, these islands form extended current sheets or flux ropes at
oblique angles above and below the reconnection layer. Over longer timescales, these
flux ropes coalesce and intertwine in complex ways to produce new, highly elongated
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Figure 14.5. Time evolution of the current density Jy, for the largest L, = 800d; simula-
tion. The white lines are the magnetic flux surfaces and the bottom panel is a close-up
of the region indicated at t =425(1/<2;) to illustrate the repeated formation of new
plasmoids within the electron layer. The current density is normalized to the initial
peak value Jy. [From Daughton et al. (2009).]
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Figure 14.6. See Color Plate 8. Formation of primary flux ropes in a current sheet
where electron flows dominate. Tearing instability gives rise to flux ropes as illustrated
by an iso-surface of the particle density colored by the magnitude of the normalized
current density, along with sample magnetic field lines (yellow). [From Daughton et al.
(2011).]

current sheets, which are also unstable to new magnetic island (flux rope) formation.
This situation can cause high resistivity and thus fast reconnection, as previously men-
tioned. The motion of flux ropes would induce impulsive reconnection. Thus we could
say that a generalized Sweet—Parker model with enhanced resistivity and viscosity may
be able to qualitatively describe fast reconnection, as described in chapter 3.

On the other hand, it should be noted that a remarkable experimental result has very
recently been obtained in a super-high-density plasma, generated by laser radiation,
with a long reconnection layer of aspect ratio of 100 (Fox et al., 2020). In this high-8
plasma of B > 10, a stable 2 mm-long distinct neutral sheet (reconnection layer) was
identified with the width of the ion skin depth, 20 um. If normalized by the ion skin
depth, this plasma is considered to be a large system, since the ratio of the plasma size
(L =2-4mm) to the ion skin depth is 200. Now this type of laser-generated plasma
has become an important medium in which two-fluid physics can be studied in a large
high-B plasma condition.

14.3 EXPERIMENTAL STATUS OF MAGNETIC RECONNECTION
RESEARCH FOR A LARGE SYSTEM

Thus, reconnection research has recently been moving toward covering dynamics be-
yond the idealized, classical, single quasi-stationary X-line geometry described in the
earlier part of this book, to explore more realistic highly dynamic reconnection char-
acteristics of large systems, such as those found in most space and astrophysical envi-
ronments. Also, as the fusion research devices have become larger, the ratios of global
plasma sizes have become significantly large with respect to the characteristic scale
of kinetic processes, which include the ion skin depth and the ion gyroradius (a few



MAGNETIC RECONNECTION IN LARGE SYSTEMS 241

(@) (b) Ohmic

heating coils

Drive coils

Multiple X-line
6 £ Single X-line collisionless
collisionless

Multiple X-line

collisional A :
s=s [~ / Guide

field

Single X-line ™ Equilibrium
SE collisional 3 L field coils
MRX|  FLARE ] T
2 3 | |

log (\) 4 7

Figure 14.7. (a) A phase diagram for magnetic reconnection in 2D. If either S or the
normalized size A (= L/p) is small, reconnection with a single X-line occurs in colli-
sional or in collisionless phases. When both S and A are sufficiently large, three new
multiple X-line phases appear with magnetic islands. The dynamics of new current
sheets between these islands are determined either by collisional physics or by colli-
sionless physics, as described in this chapter. The conditions for electron runaway are
shown as a broken vertical gray line. The existing experiments, such as MRX, do not
have access to these new phases. (b) The FLARE device at PPPL, Princeton University,
is accessible to these new phases, which are relevant to reconnection in heliophysical
and some astrophysical plasmas. [From Ji and Daughton (2011).]
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centimeters). These large reconnection systems will often contain multiple X-lines,
plasmoids, and flux rope formations due to secondary instabilities. They will lead to the
self-consistent emergence of turbulence and accompanying coherent structures under a
variety of plasma conditions.

An experimental study of magnetic reconnection in a large system has started at
PPPL (Princeton Plasma Physics Laboratory), Princeton University, utilizing a newly
constructed device FLARE (Facility of LArge Reconnection Experiment), with impro-
ved diagnostics. The experimentally accessible regimes in the phase diagram of recon-
nection (Ji and Daughton, 2011) are shown in figure 14.7(a). The size of the device is
roughly twice that of MRX. FLARE has initiated a major operation recently.

In figure 14.7(a), let us look at the reconnection phase diagram of Ji and Daughton
(2011), with the physics issues of each regime explained by Loureiro and Uzdensky
(2016). Different reconnection regimes are indicated as a function of Lundquist num-
ber (vertical axis) and of the ratio between the system size L and the ion sound Larmor
radius py (horizontal axis), where pg = +/(T; + T.)m;/q; Br. The solid black diago-
nal line is yielded by comparing the Sweet—Parker reconnection width §sp with the
kinetic skin depth (designated by p;) and indicates whether we are in a collisional
Sweet—Parker regime or in a collisionless regime (respectively, below or above the solid
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black line). Without a guide field, this criterion corresponds to the criterion for transi-
tion from a collisional regime (represented by dsp) to a collisionless two-fluid recon-
nection regime (c/wp;) as expressed by eq. (5.21), which is equivalent to dsp = ¢/w;,
as described by Yamada et al. (2006). The vertical gray broken line labeled (L/py). is
an empirical line that separates the regimes where simulations of collisionless recon-
nection have a tendency to exhibit multiple plasmoids from those with a tendency to
show a single X-point, although there is no analytical theory to back this threshold. The
horizontal (solid) gray line labeled S, indicates the resistive MHD plasmoid instability
threshold, which is described in this chapter: the Sweet—Parker current sheet is plas-
moid unstable in the region above this line, and stable below it (another threshold that
exists, but that we omit for simplicity, results from the case when the MHD plasmoid
instability, in its nonlinear stage, triggers a transition to the kinetic scales). The regions
of operational space roughly covered by a selection of reconnection experiments (both
existing) are also indicated.

Understanding the generation and influence of secondary reconnection instabilities
is one of the primary goals of a new reconnection experimental project, the FLARE
device shown in figure 14.4(b). Accordingly, a key part of our new kinetic simulation
efforts will be directed at modeling these devices in order to validate numerical simu-
lation codes and test theoretical ideas. These efforts will build upon our previous fully
kinetic simulations in the MRX, mentioned above, which over the past several years
have evolved to include realistic boundary conditions, Coulomb collisions, and full
three-dimensional dynamics.

Comparisons with past experiments have resolved some issues regarding the role
of electromagnetic fluctuations (Ji et al., 2004; Dorfman et al., 2013) in MRX. At the
moment, simulations and experiment are addressing whether this instability plays an
important role in energy dissipation. A study will also be carried out on the forma-
tion of small-scale flux ropes that have recently been observed and the influence of a
guide field on the reconnection dynamics. In the presence of sufficient guide magnetic
field, can we form large-scale current layers by extending the system size to that of
kinetic simulations by Daughton et al. (2009) or Daughton et al. (2011). Uncovering
physical mechanisms for fast dissipation of magnetic energy, through emerging three-
dimensional mode structures and turbulence, will be a focus for the upcoming research
campaign. Experimental efforts will span a wide range of parameters in collisional-
ity, guide field, and external driving conditions and global boundary conditions from a
broad suite of experiments. In three-dimensional geometry, a broad spectrum of oblique
tearing modes can become unstable.

144 MAGNETIC RECONNECTION IN A LARGE SYSTEM OF
ELECTRON-POSITRON PAIR PLASMA

The physics of collisionless magnetic reconnection in electron—positron plasmas is of
significant interest in a number of high-energy astrophysical phenomena, including the
jets from active galactic nuclei, pulsar winds, and models of gamma-ray bursts, as dis-
cussed in chapter 7. Furthermore, a better understanding of the pair plasma limit may
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shed light on the Hall effects, which should be quite different due to the equal masses of
electrons and positrons. The fundamental question of how the dynamical evolution will
scale to macroscopic systems of physical relevance was examined through numerical
simulation by Daughton et al. (2011) using two-dimensional fully kinetic simulations
with both open and periodic boundary conditions. They found that repeated formations
and ejections of plasmoids play a key role in controlling the average structure of a
diffusion region and preventing the further elongation of the layer. The reconnection
rate is modulated in time as the current layers expand and new plasmoids are formed.
The observed averaged reconnection rate is very fast and is remarkably insensitive to
the system size for sufficiently large systems. This dynamic scenario could lead to a
different explanation for fast reconnection in large-scale systems.

14.5 IMPULSIVE RECONNECTION IN A LARGE SYSTEM

It is important to study the key mechanisms of impulsive reconnection that happens in
a large system with a large Lundquist number. Energy transport is fast during three-
dimensional self-organization in large astrophysical and fusion plasmas. A general fea-
ture of reconnection in a large plasma system is its impulsive, bursty nature, leading
to the powerful release of stored magnetic energy. In magnetospheric substorms, in
solar and stellar flares and coronal mass ejections, in various astrophysical events such
as in gamma-ray flares in the Crab Nebula and magnetar magnetospheres, and also in
the self-organization of magnetic fusion plasmas, reconnection starts suddenly in time.
There has been no clear consensus nor established universal explanation for what trig-
gers the onset of a reconnection event in these large systems. But some ideas could be
proposed in specific cases mentioned above, as well as in chapters 7, 8, and 9.

When external force is gradually applied to a plasma, the global conditions of mag-
netic field configuration and plasma pressure profile can be kept stable against MHD
instability because of a low magnetic shear geometry or boundary conditions. However,
once an instability criterion is reached, MHD modes grow quite fast, with growth time
being as fast as Alvfén transit time. Then the evolution of the plasma configuration
would create a region of strong magnetic field shear, which drives reconnection. One
important lesson from the two- and three-dimensional numerical studies of reconnec-
tion in large systems mentioned in this chapter is that the reconnection inflow velocity
cannot be significantly slower than about 0.01V}y, due to the occurrence of plasmoid
instabilities, and is therefore always quite fast.

As mentioned in chapter 7, global reconnection happens fast in solar flares as
well as in tokamaks. In both cases we have learned that a gradual change of plasma
configurations can make them unstable against a global MHD instability, which then
drives fast reconnection by forming a current layer or reconnection layer: “driven
reconnection.” Current layer disruptions are identified in three-dimensional analysis in
MRX as a local way to quickly release magnetic energy. These disruptions are due to
the ejection of three-dimensional, high-current-density flux rope (plasmoid) structures.
A three-dimensional, two-fluid model consistent with the observations is proposed as
a possible disruption mechanism. The onset of fast reconnection in some systems may
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have unique features that are not universal. In RFP (reversed field pinch) fusion research
plasma, which has a periodic boundary condition as mentioned in chapter 9, the mag-
netic geometry permits the simultaneous appearance of many tearing modes, some of
which are linearly unstable due to the gradient of the current profile in the core. Impul-
sive reconnection, referred to as a sawtooth event, occurs when resonant modes in the
core drive modes at the edge through nonlinear interaction of linearly unstable reso-
nant modes. This nonlinear, multimode process underlies the RFP’s global magnetic
self-organization processes, such as electron and ion momentum transport and noncol-
lisional ion heating and particle energization. In the context of solar flares, models have
been proposed for the triggering process involving the detailed magnetic structure in
loops and arcades and the nonlinear evolution of multiple reconnection sites (Kusano
et al., 2004, 2020).



Chapter Fifteen

Summary and future prospects

A breakthrough in physics research often happens when somebody proposes a simple
persuasive picture of complex physical processes. A typical example is the Feynmann
diagram for quantum physics. Magnetic reconnection research made a big quantum
jump when the Parker—Sweet reconnection picture was created to describe a prototypi-
cal layer in which magnetic reconnection takes place, even when nobody had observed
such a layer in natural or laboratory plasmas. This simplified, beautiful local model
drew much attention from researchers, even though this resistive MHD (magnetohydro-
dynamics) model based on particle collisions did not provide a quantitatively cor-
rect answer to describe the observed reconnection rate. Even a modified MHD model
proposed by Petschek was not sufficient to properly describe the key physics of the
reconnection layer. Particularly in collisionless plasmas, where the mean free path of
current-carrying electrons exceeds the length scale of the system and the MHD condi-
tion breaks down, the reconnection rate was found to be very large.

Throughout this book, we have reached a perspective that magnetic reconnection is
determined by both local and global plasma dynamics. In this chapter, let us summa-
rize first the major findings for local reconnection layer dynamics and then the global
characteristics of magnetic reconnection in the most recent decades.

15.1 MAJOR FINDINGS FROM LOCAL ANALYSIS

As fast reconnection was observed in multiple cases of magnetic self-organization
in magnetic fusion plasmas, as well as in space and astrophysical plasmas, the local
dynamics of the reconnection layer became one of the central issues of magnetic recon-
nection research, as mentioned in chapter 1, and is a major problem discussed in this
monograph. The major findings of local analysis are as follows:

(1) It has been realized that magnetic reconnection is often driven by external forcing,
such as seen in the magnetopause reconnection layer where incoming solar-wind
fields compress the reconnection layer so thinly that the motions of ions differ
greatly from those of electrons, invoking two-fluid physics mechanisms. Recent
controlled laboratory experiments have created such a reconnection layer in the
two-fluid regime, leading to a better understanding of the dynamics of collisionless
reconnection.
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(2) Hall effects were observed in the two-fluid regime, with the typical signature of
an out-of-reconnection-plane quadrupole magnetic field structure, in space satel-
lite data, numerical simulations, and laboratory experiments. These Hall effects
also generate an enhanced reconnection electric field to induce fast motion of the
reconnecting flux line, providing a decisive verification of the enhanced recon-
nection rate in collisionless plasmas. While this Hall effect itself does not gener-
ate energy dissipation, the electron pressure tensor term in the generalized Ohm’s
equation becomes very large and generates enhanced dissipation near the X-point
of the reconnection plane.

(3) In dedicated reconnection experiments, the reconnection rate is found to increase
rapidly as the ratio of the electron mean free path to the length scale increases.
This result is attributed to the large Hall electric field in the reconnection plane
just outside the electron diffusion layer near the X-point. MMS (Magnetospheric
Multiscale Satellite) and MRX (Magnetic Reconnection Experiment) observations
have verified that in the electron frame just outside the X-region, electrons are
frozen to magnetic field lines, namely, “flux freezing” is working for the electron
fluid as discussed in chapters 5 and 8 (Ey ~ (V. X B)y).

(4) The data from MMS are remarkably in agreement with laboratory experimental
results obtained in MRX. Through advances achieved by space technology and
analysis, MMS has demonstrated that the actual three-dimensional magnetic recon-
nection phenomena occurring in space plasmas can be well described by two-
dimensional physics analysis made by numerical simulation and laboratory studies
on MRX. Further cross-discipline study should lead to a more accurate picture of
collisionless magnetic reconnection.

(5) With respect to the energy deposition rate to electrons, j.1 E| measured in the
electron frame is found to be significantly larger than j, | E |/‘ near the X-line, where
E’'=E +V, x B, along with its parallel and perpendicular components. In asym-
metric reconnection, it is verified in both MRX (Yamada et al., 2014) and MMS
data (Burch et al., 2016b) that j, - E' peaks up through j.1 E, at the stagna-
tion point of the electrons’ in-plane flows, which is separated from the X-line by
~5(c/wpe).

(6) Regarding the energetics of magnetic reconnection, studies of the two-fluid recon-
nection layer in laboratory experiments and in space data have shown that conver-
sion of magnetic energy occurs in a region significantly larger than the narrow elec-
tron diffusion region that was previously assumed to be the site of electron ener-
gization. An inversed-saddle shaped electrostatic potential profile was measured in
the reconnection plane and the resulting electric field was found to accelerate ions
toward the exhaust region of the reconnection region. MRX verified that acceler-
ated ions are thermalized by remagnetization in the downstream region. Evidence
of the same potential profile and fast ions has been observed in space plasmas.

(7) A quantitative inventory of magnetic energy conversion during reconnection was
carried out in a laboratory reconnection layer with a specific well-defined bound-
ary. This study concluded that about half of the inflowing magnetic energy is con-
verted to particle energy, about two-thirds of which is ultimately transferred to ions
and one-third to electrons. A local analytical theory is developed for this energy
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conversion in chapter 11. While these features of energy conversion and partition-
ing apparently do not strongly depend on the size of the analysis region over the
tested range of scales, the question still remains whether there is a universal prin-
ciple for the partitioning of converted energy.

Electrostatic and electromagnetic fluctuations are observed in reconnection layers
in both laboratory and space plasmas, with notable similarities in their charac-
teristics. Although a correlation is found between the reconnection rate and the
amplitude of electromagnetic waves in laboratory experiments, neither conclusive
quantitative correlation nor a causal relationship has yet been identified.

8

~

Most recent theories and experiments have focused on local reconnection and, in
general, have not addressed the question of how local reconnection generally connects
to global reconnection. This is understandable since local reconnection is more generic
and considered adaptable to most global situations. But for a proper application of
reconnection mechanisms this connection must be found. As a working hypothesis, it
was often assumed that the field outside the layer is of the same size as the global field
that reverses across the layer. This situation does not always hold. There is often an
additional field (guide field) perpendicular to the reconnection plane which is given by
the global picture. In local theory it is arbitrarily included as a guide field, but the cur-
rent sheet length becomes of global size and the boundary condition has to be adjusted
and realistically considered.

152 MAJOR FINDINGS FROM GLOBAL ANALYSIS

In the area of global reconnection research, notable progress has been made in char-
acterizing key features of magnetic self-organization or the relaxation phenomena of
plasmas in solar flares, as well as in laboratory fusion devices, as described in chapters
7 and 9. It has been recognized that global reconnection phenomena occur impulsively
quite often after a very slow buildup phase of magnetic configuration. A change of
global configuration can drive a sharp current layer and can induce fast local reconnec-
tion there. Sometimes, fast local reconnection leads to an impulsive global topology
change or global magnetic self-organization phenomena. Thus we find that magnetic
self-organization is influenced and determined both by local plasma dynamics in the
reconnection region and by global evolution of the topology of plasma configurations
(often to an unstable state) and/or external forcing. The major findings from global
studies of magnetic reconnection are as follows:

(1) In solar flares, reconnection sites were observed through topological changes of
plasmas by soft-X-ray emissions. Reconnection sites are also identified with hard-
X-ray emissions near the top of solar flare arcades during coronal eruptions and
CMEs (coronal mass ejections). Reconnection speed was measured to be much
faster than the Sweet—Parker rate. For possible driving mechanisms of the fast
reconnection, MHD instabilities such as the kink instability, torus instability, and
double ark instability have been investigated. In some cases, the predictability of
CME has been discussed based on a quantitative analysis of a physics-based model.
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(2) Seeking a general criterion or reason why magnetic energy is stored for a long
period and then suddenly released, globally driving the plasma to a relaxed state,
we have found that MHD instabilities play a key role in laboratory fusion experi-
mental plasmas. In tokamak plasmas, magnetic reconnection is often driven by an
ideal kink-type MHD instability, excited after a gradual change of tokamak equi-
librium with a reconnection time much shorter than the Sweet—Parker time. With
the recent understanding of two-fluid physics in collisionless plasmas, this is not
surprising, since the Sweet—Parker model is only applicable to collisional one-fluid
MHD plasmas, while tokamak plasmas are collisionless (Amfp >> L) and we expect
fast two-fluid dynamics to be in play during reconnection.

(3) In RFP (reversed-field-pinch) experiments, reconnection occurs in the plasma core
and, under some conditions, at the edge. It is observed that two unstable tearing
modes in the core region can nonlinearly couple to produce a driven reconnection
at a third location in the plasma edge region. It is conjectured that a similar phe-
nomenon can occur in active solar arcade flares, where a spontaneous reconnection
at one location can drive reconnection at other locations, leading to eruptions. Most
recently, a reconnection model by Kusano et al. (2020), based on the merging of
two larger coronal arcs, has been proposed to predict the onset of a major CME.

(4) One of the major questions has been how global systems generate local recon-
nection structures through the formation of one or multiple current sheets, either
spontaneously or forced by boundary conditions. We have found a hint for this
question: it depends on the size of the system. In addressing the global issues, we
have learned that all classical models fail when particularly long global lengths
are assumed for the current layers. This problem was discussed in chapter 14 by
addressing the multiple magnetic reconnection layers or plasmoids in a large sys-
tem. In this respect, we learned that in a large system with a large Lundquist num-
ber S > 10*, multiple current layers appear whose lengths are closer to the shorter
scale on which the equilibrium settles. The concomitant occurrence of multiple
reconnection layers can provide a key to resolving fast magnetic self-organization
or global reconnection phenomena in a large system.

(5) With respect to the buildup of global stored energy for reconnection, heat trans-
port can influence global reconnection phenomena. The fast transport of electrons
through the newly reconnected field lines can change the plasma stability condition,
either causing impulsive self-organization or, sometimes, suppressing reconnection
by reducing the strong pressure gradients across the flux surfaces that are driving
MHD instability and fast reconnection.

We can hypothesize that global magnetic self-organization phenomena in both toka-
mak sawtooth crashes and solar flares share a common feature. When reconnection
occurs in a certain region of the globally connected plasma, a topology change results.
A sudden change of magnetic flux is induced in a short time (large d W /dt) in a directly
connected part of the global plasma. This leads to a large electric field along the
magnetic field lines and acceleration of electrons to superthermal energy. Indeed, in
reconnection events in both solar flares and tokamak sawteeth, we observe a significant
amount of high-energy tail (runaway) electrons. A further, careful, systematic study of



SUMMARY AND FUTURE PROSPECTS 249

tokamak sawteeth and RFP relaxation events can illuminate this important flow chan-
nel, revealing the essence of the relationship between the plasma transport and recon-
nection phenomena and can provide a key to understanding magnetic self-organization
in large plasma systems.

15.3 OUTSTANDING ISSUES AND FUTURE RESEARCH

In the past few decades, significant progress has been made to understand the dynamics
of the magnetic reconnection layer, particularly in collision-free plasmas. For example,
we now understand in the context of two-fluid physics how ions are accelerated and
heated in the layer in the presence of a strong electric field induced by the motion
of magnetized electrons. This progress has been made by effective cross-discipline
collaboration between numerical simulations, laboratory experiments, and space obser-
vations.

The understanding of energy conversion and partitioning has moved forward notably.
I anticipate further progress will be made by continuing the present, very effective col-
laborative effort between many researchers around the world. At the moment, the col-
laboration between magnetosphere research and laboratory experiments is especially
strong and successful, as described in chapters 8 and 12.

While it is not straightforward to apply MHD analysis for reconnection in colli-
sionless astrophysical systems, it is important to utilize MHD theory to understand the
global nature of magnetic reconnection in large solar and astrophysical plasmas, after
clarifying the role of kinetic processes in plasmas. This is an important aspect for future
research into reconnection in astrophysical plasmas, in which experiment, simulation,
and theory could mutually motivate and reinforce one another. Certain regimes of astro-
physical interest are being accessed by current high-energy-density plasma reconnec-
tion experiments as briefly mentioned in this book. This is a promising area for future
research. Further study of electron—positron pairs should be able to assess the two-
fluid kinetic process, while Hall effects due to the large ion—electron mass ratio should
diminish in a pair plasma. Also, major progress in the means of research, such as
advanced supercomputing, upgraded laboratory facilities, new advanced diagnostics,
and multiple clusters of satellites, will help our research progress significantly.

As I mentioned at the beginning of this chapter, magnetic reconnection research
made substantial progress when the beautiful Sweet—Parker reconnection picture was
proposed. But many reconnection problems discussed in this monograph have demon-
strated the necessity of investigating reconnection dynamics beyond the idealized, clas-
sical, single quasi-stationary X-line MHD model of Sweet—Parker. We have explored
the recently discovered, more realistic, highly dynamic reconnection characteristics of
large systems, such as those found in most space and astrophysical environments, as
well as in some fusion plasmas. These complex large plasmas often generate multiple
X-lines, plasmoids, and flux ropes in their reconnection region. The presence of large
amplitude fluctuations would lead to turbulent reconnection. This theme has emerged
in the last several years as the new paradigm of how magnetic reconnection really
happens in natural plasmas. Understanding the generation and influence of secondary
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reconnection instabilities is one of the primary goals of new reconnection experimen-
tal devices. As mentioned in the previous section, further careful study of the criterion
for the simultaneous occurrence of multiple reconnection layers in RFP and tokamak
plasmas can provide a key to resolving fast magnetic self-organization in large systems.

While there is ample evidence for the existence of waves and microturbulence in the
reconnection layer, no consensus has yet been obtained regarding which waves should
affect the reconnection rate directly or indirectly. Extensive study has been carried out
to determine how the electron diffusion layer is affected by the presence of wave turbu-
lence, as well as how the profiles of the electron diffusion layer affect overall reconnec-
tion dynamics, including energy dissipation. As described in detail in chapter 5, lower
hybrid frequency ranges of waves have been observed and identified both in MRX
and in the magnetopause. Electron flows in the electron diffusion region were often
observed to fluctuate on a variety of timescales, causing turbulent reconnection. The
electron current channel becomes unstable due to a sharp radial gradient in the current
density, making the local flux transfer rate fluctuate and generating impulsive reconnec-
tion. The reconnection rate measured by the flux transfer rate at the diffusion layer was
compared with the global rate of flux inflow by Ren et al. (2008) and an experimental
campaign has been carried out on this topic in more detail on MRX (Ji et al., 2004; Yoo
et al., 2019). It appears to me that the presence of waves of the lower hybrid frequency
range should contribute to the enhanced resistivity, as well as the enhanced diffusion
of electrons. But more conclusive research is needed to find an important quantitative
relationship between the wave amplitudes and observed fast reconnection rate. This
issue is one of the central problems to be resolved in the next several years.

Another key problem in recent reconnection research has been the flux and energy
transport between the local reconnection layer and the global plasma and its boundaries.
How is magnetic helicity conserved during magnetic self-organization in a plasma and
how is the magnetic energy conserved or transported between the local region and
the global plasma? As we have learned in laboratory flux rope experiments described
in chapter 9, magnetic reconnection plays a key role in helicity-conserving magnetic
self-organization toward the Taylor state. Perhaps we should revisit and investigate
more deeply the fundamental principle and essential physics of the Taylor state (Taylor,
1986), to which magnetized plasmas tend to relax.

154 CLOSING REMARKS

While this book comes to an end, my three-decade-long journey searching for a solution
to the magnetic reconnection problem does not appear to end here. It will continue into
the future. The journey has given me the joy of learning many different areas of space
astrophysics, which is especially highlighted by the intellectual excitement associated
with engaging in the “grand challenge” nature of the magnetic reconnection problem
through cross-field, cross-discipline interaction. I am thankful to my colleagues who
have shared the challenges and excitement with me. I am convinced that the future
of this field is bright, with many new exciting diagnostics, new space satellites, and
twenty-first-century technology, including powerful quantum computing.
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soo Yoo. Also, the recent progress in magnetic reconnection research has much bene-
fited from collaborations with members of the Center for Magnetic Self-Organization
(CMSO),1 a Physics Frontier Center, and from cross-discipline collaborations with
many space physics researchers including Spiro Antiochos, Jim Burch, Li-Jen Chen,
William Daughton, Jim Drake, Michel Hesse, Forrest Mozer, Kazunari Shibata, and
Saku Tsuneta. Finally, I appreciate support for writing this book from the Princeton
Plasma Physics Laboratory colleagues and the Office of Fusion Energy Science of
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Appendix A

Basic description of waves by dispersion
relationship equations

A.1 BASIC DESCRIPTION OF WAVES IN COLD PLASMAS

Waves and associated wave—particle interactions play a key role in the magnetic recon-
nection process. Since there are so many kinds of waves in plasma, we introduce here
the basic description of waves, emphasizing those that are involved in the magnetic
reconnection layer. To describe waves, we employ the formalism described in the text-
book Stix (1992). The properties of the propagation of waves are characterized by the
“dispersion relation” by which the relationship between wave frequency and inverse
wavelength k is described. In this chapter, all descriptions of equations and waves are
made using CGS units, while the main text is written using MKSA units, as tradition-
ally done in experimental and observational research fields.

The dispersion relation for a plasma is generally obtained using Maxwell’s equa-
tions and from the condition for a “nontrivial” solution of a homogeneous set of field
equations. For the formulation with Maxwell’s equations, it is necessary to express
the plasma current density j in terms of the electric field E, leading to the use of the
dielectric tensor. We employ Fourier analysis in space variables where the first-order
quantities to work with are

ny, vy ~e itk (A1)

We assume that the zero-order quantities are uniform in pace and constant in time.
Wave oscillation can be described by

Re(ny)=nicos(k-r —wt). (A.2)

The electric displacement D includes the vacuum displacement and plasma response
current, with the relation

D=K-E=E+—]j, (A3)
w
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Figure A.1. The propagation vector k is defined in (x, y,z) coordinates with By
assumed to be in the z-direction.

where K is the dielectric tensor. The plasma current j is made of fluid (macroscopic)
flow velocities v, of multiple species as denoted by

J ZZnUQGeovo, (A4
o

where n, is the number density of particles of type o with charge g, e, .
The equation of motion for a plasma particle type o is written as

dv, Vo
mgw_qo(E—l—TxB). (A.5)

In Fourier analysis, this equation becomes
. Vo A
—ilwmMgVs =4 (E + —x Boz). (A.6)
¢

To simplify the geometry, we assume a zero-order steady magnetic field B along the
z-axis with Bo = Z By as shown in figure A.1 and with

0 E, Vo x
Bo=| 0|, E=|E,|, vs=|voy |, (A7)
By E; Voz
and we use the relationship
0 1 0
Vo XZe=|—-1 0 0]|vs (A.8)



254 APPENDIX A

to derive solutions for v in terms of Ey, Ey, E,. The solutions are also used to determine
the dielectric tensor K. We obtain

. g B
w -l ({naco 0 E
. B, .4do
jleo w 0|vs=1 , (A9)
Mg MmeycC
0 0 w
which can be written as
w —iwee 0 E
[Weo w 0| vy =iwes B (A.10)
0 0 0

B
where w.q = qni 0

is the cyclotron angular frequency for particle species o. By using

oC

the above relationship between v, and E, we can calculate the dielectric tensor K.

A.2 THE DISPERSION RELATION

o~

Having obtained the dielectric tensor K, we can now solve Maxwell’s equations for
waves:

10B

VXE=———, (A.11)
c ot
d7j 10E 10D
VxB=—2J 202 _ %7 (A.12)
c c ot c ot
Using Fourier analysis, we obtain
a)ZA
vkx(kxE)+—2K~E=0. (A.13)
c

To normalize the propagation vector, we can introduce the refractive index as the ratio
of the speed of light to the phase velocity vector of waves,

n—=—. (A.14)
w

Thus the reciprocal of n represents the wave phase velocity vector normalized by c,
and it is often utilized to characterize the propagation feature of waves by conforming
to a “wave normal surface.”

Using n, we can write

nx(an)+E~E=0. (A.15)
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With our geometrical condition that we have a stationary By in the z-axis, we denote
the angle of wave propagation n with respect to By = Z By by 6, and the above equation
is converted to

S—n%cos’@ —iD  n*cosfsinf E,
iD §2—n? 0 Ey | =0. (A.16)
n?cos 6 sin 0 P —n?sin%0 E,

Here S, D, P are defined as

1
SEE(R+L), (A7)
1
D=2(R-L), (A.18)
I12 w
L=1- —"( ) A.19
20: @? \ 0+ weo ( )
2 w
R=1- —Z , A.20
ZG: w? <a)—a)m) (A.20)
12 5 4nngq0262
le—zw—gngzm—. (A.21)
(o2

o

The dispersion relation is obtained by finding a “trivial” condition, namely for any
values of Ey, Ey, E,, this equation has to hold. The condition for a trivial solution
is that the determinant of the left-hand-side matrix is zero. This condition provides
the wanted dispersion relationship between k and w, or equivalently n and w. So the
dispersion equation is

An*— Bn®>+C=0, (A.22)
where

A=Ssin’0+ Pcos> 0, (A.23)
B =RLsin*>6 + PS(1 4 cos> ), (A.24)
C=PRL. (A.25)

‘We obtain the solution as

B++F
n? = —“/_ (A.26)
2A

where F' is written as

F=(RL—PS)*sin* 6 +4P>D? cos® 6. (A.27)
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This dispersion relationship equation can be written in another form:

—Pn® —R)(n%-1L)
(Sn2 —RL)(n2 - P)’

tan® 6 = (A.28)

and in this way we obtain the dispersion relations for waves propagating parallel (6 = 0)
and perpendicular (6 = /2) to the base magnetic field B as

P=0, n’=R, n’=L for6=0, (A.29)
and n’= R—SL, n?="p for 6 =x/2. (A.30)

Table A.1 describes the basic dispersion relationship equations for waves propagat-
ing parallel (6 = 0) and perpendicular (6 = /2) to the base magnetic field By. While
the above derivations of dispersion relations are made for cold plasmas, in the figure
thermal plasma effects are added. So, in table A.1, the dispersion relations for waves
are categorized based on their propagation direction with respect to the stationary back-
ground magnetic field, fluctuating vector components with respect to the propagation
vector k, and polarization of waves. While all listed waves in the figure can be involved
in the reconnection layer, electron whistler waves and lower hybrid waves are more
often investigated because the former is expected to cause electron heating and accel-
eration and the latter is considered to generate strong dissipation as well as anomalous
resistivity in the reconnection layer. Ion acoustic waves are basically sound waves in
plasma whose dispersion characteristics can also be derived in terms of plasma pressure
p divided by the plasma density, or w/k =+/p/p = +/(T, + T;)/m;. They are strongly
damped modes in the reconnection layer plasma because of the strong effects of the ion
Landau damping. Another common type of wave is the Alfvén wave, whose dispersion
can be similarly derived in terms of magnetic pressure divided by the plasma density,
orw/k=+/p/p=+/B%/4rp.

In order to generate enhanced resistivity against the electron current flow in the
reconnection layer, waves have to invoke ion dynamics so that the electron momentum
flows are resisted by heavier ions. Thus lower hybrid waves (LHWSs), which are usually
represented by magnetized electrons and demagnetized ions, have been considered the
most likely candidates for generating the enhanced resistivity. The dispersion relation
for LHWs in the high-8 reconnection layer becomes rather complex, as described by
Ji et al. (2005). It is expected that it can generate enhanced resistivity as well as dis-
sipation. Recently, a more comprehensive study was carried out by Yoo et al. (2019)
by verifying the dispersion characteristics of LHWSs, both in the magnetosphere (Yoo
et al., 2020) and in MRX (Magnetic Reconnection Experiment) plasmas (Yoo et al.,
2019).



Appendix B

Plasma parameters for typical laboratory

and natural plasmas

B.1 PLASMA PARAMETER DIAGRAM

Figure B.1 shows a parameter diagram for typical laboratory and natural plasmas.
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Figure B.1. Parameter diagram for typical laboratory and natural plasmas.

B.2 TYPICAL PLASMA PARAMETERS AND FORMULAE

Table B.1 lists parameters for typical laboratory and natural plasmas, while table B.2
gives typical plasma parameters and formulae in CGS units. Note that the main text is
written in MKSA units.



Table B.1. Approximate magnitudes in some typical plasmas.

Plasma type nem™3 T eV Wpe g1 Apcm nAD3 Vei 871
Interstellar gas 1 1 6x10*  7x10% 4x108 7x1073
Gaseous nebula 10° 1 2 x 10° 20 8§x 100 6x 1072
Solar corona 10° 102 2x10°  2x107! 8x10° 60
Diffuse hot plasma  10'2 102 6x1010 7x1073 4x10° 40
Sogsﬁin;é’sgfgfe’ 104 1 6x10" 7x105 40 2x10°
Warm plasma 1014 10 6x10"" 2x107™* 8x10% 107
Hot plasma 1014 102 6x10'" 7x107* 4x10* 4x10°
Th;r:;g;“dear 1015 104 2x102 2x1073 8x10° 5x 10*
Theta pinch 1016 102 6x102 7x107 4x10° 3x108
Dense hot plasma 10'8 102 6x108 7x107% 4x10> 2x10'°
Laser plasma 1020 10> 6x10" 7x1077 40 2 x 10'?

Table B.2. Formulae for primary plasma parameters expressed in CGS units. In space
plasmas, ions are primarily made of protons. In the lab plasma, protons are replaced
by ions of different mass and charges, and proton/ion parameters are thus modified
accordingly. The quantity A is the Coulomb logarithm, given by Spitzer (1962).

Symbol Quantity Formula Value

172 _
Te Electron collision time \/3327 Mg )\(elftﬁ)z/z 2.9;/ %8 2 T2/ 2ne_1 s
Wee Electron gyrofrequency erC 1.8x 10’Bs™!
Wep Proton gyrofrequency rs—fc 9.6 x 10°Bs~!
Wpe Electron plasma frequency (%) 12 5.6 x 104ni/ s

2
Wpp Proton plasma frequency (4””1%) 12 1.3 x 103n},/2 S
d, Electron skin depth wL,;e 54 %1057, % cm
dp Proton skin depth - 2.3 x 107n;1/ Zem

pp
2
o Electrical conductivity w"; fe 7.3 x 10° TS/ 2(10/)») S
n Magnetic diffusivity 4;20 = % 99;;}? = (/10) cm? s~
< B _ 11p,—1/2 -1

Va Alfvén speed Nerr wcid; 2.2x 10" Bn, '~ cms
S Lundquist number L% = é(wce 7.) 23x 10’2LBT93/ 2

n 2 (0/10)7!




Appendix C

Common notation

Table C.1. Notation.

Wee,s Wei

Wpe, Wpi

P

P
q,q(r)

T LT e

tanh(x)

Va

Vector potential

Magnetic induction

Speed of light in a vacuum

Elementary charge

Electric field

Electrical resistivity

Permittivity of free space

Ratio of specific heats; adiabatic constant
Electric current density

Bessel functions (of order 0 and 1)
Electron, ion mass

Alfvén Mach number; V/V4

Permeability of free space

Number density

Mode numbers (poloidal/toroidal) in toroidal plasma
Electron/ion collision frequency
Electron/ion gyrofrequency

Electron/ion plasma frequency

Pressure tensor

Pressure

Safety factor for toroidal fusion plasma
Poloidal flux

Toroidal flux

Mass density

Lundquist number (in chapter 11, L, is used)
Time

Hyperbolic tangent function (sinh(x)/cosh(x))
Temperature

Fluid flow velocity

Particle velocity

Alfvén speed
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Color Plate 1

Magnetic reconnection in space and in laboratory plasmas
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Color Plate 2

Two-fluid dynamics of magnetic reconnection measured in MRX
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Color Plate 3

Laboratory data on magnetic reconnection
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Color Plate 4

Magnetic reconnection data from MMS (I)
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Color Plate 5

Magnetic reconnection data from MMS (II)
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Color Plate 6

Magnetic reconnection in tokamak plasmas
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Color Plate 7

Dynamics and energetics of reconnection on MRX
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Color Plate 8

Cases for asymmetric reconnection and a simulation of a large current layer
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